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8 Summary Tables of Particle Properties

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Review of Particle Physics

C. Amsler et al., PL B667, 1 (2008)
Available at http://pdg.1bl.gov

@chcnts of the University of California
(Approximate closing date for data: January 15, 2008)

GAUGE AND HIGGS BOSONS

1Py = 0,11~ )

Mass m < 1 x 10718 eV
Charge g < 5x 10730 ¢
Mean life 7 = Stable

g po
or gluon 17) =007)
Mass m = 0 [a]
SU(3) color octet
@

Charge = £1e

Mass m = 80.398 + 0.025 GeV
mz — my = 10.4 £+ 1.6 GeV
Myy+ — My— = —0.2 & 0.6 GeV
Full width ' = 2.141 + 0.041 GeV
(N_+) =15.70 + 0.35

(Ngz) =220 +0.19

(Np) =0.92 +0.14

(Ncharged ) = 19.39 £ 0.08

W™ modes are charge conjugates of the modes below.

p
w+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
oty [b] (10.80% 0.09) % -
etv (10.75+ 0.13) % 40199
utv (10.57+ 0.15) % 40199
Tty (11.25+ 0.20) % 40179
hadrons (67.60+ 0.27) % -
aty < 8 x 1075 95% 40199
Dy < 13 x 1073 95% 40175
cX (334 £ 26)% -

3 e By -
invisible [c] (1.4 £28)% -




Gauge & Higgs Boson Summary Table 9

J=1
Charge = 0
Mass m = 91.1876 + 0.0021 GeV 4]
Full width I = 2.4952 + 0.0023 GeV
(et e~) = 83.984 + 0.086 MeV [l
[ (invisible) = 499.0 + 1.5 MeV [€]
I(hadrons) = 1744.4 + 2.0 MeV
F(ptp™)/T(ete) = 1.0009 + 0.0028
F(rt77)/r(ete) =1.0019 £ 0.0032 [1]

Average charged multiplicity

(Neharged) = 20.76 £ 0.16 (S = 2.1)

Couplings to leptons

g}, = —0.03783 £ 0.00041
g% = —0.50123 + 0.00026
gVt = 0.5008 + 0.0008
g¥ = 0.53 & 0.09

g¥n = 0.502 + 0.017

Asymmetry parameters (€]

Ae = 0.1515 + 0.0019
A, = 0.142 = 0.015
A, = 0.143 + 0.004
As = 0.90 + 0.09

Ac = 0.670 + 0.027
Ap = 0.923 + 0.020

Charge asymmetry (%) at Z pole

ALY — 171 + 010
ALY — 4 17

Al — 98 +11
AL — 7,07+ 035
AD) — 9,92 + 0.16

Scale factor/ p
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete ( 3.363 £0.004 ) % 45594
whp~ ( 3.366 +£0.007 ) % 45594
1= (13.370 +0.008 ) % 45559
e [b] ( 3.3658+0.0023) % -
invisible (20.00 +0.06 )% -
hadrons (69.91 +£0.06 )% -
(ut+cc)/2 (116 +06 )% -
(dd+ss+bb)/3 (156  +04 )% -
cT (1203 +£021 )% -
bb (1512 £0.05 )% -
bbbb (36 +13 )x1074 -
g8g < 11 % CL=95% -
0y < 52 %1075  CL=95% 45594
ny < 5.1 x1075  CL=95% 45592
wy < 65 x107%  CL=95% 45590
7' (958)y < 42 x107%  CL=95% 45589
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vy
vy
rEWF
pEWF
J/p(1S)X
P(25)X
Xe1(1P)X
Xc2(1P)X
T(1S) X +T(2S) X
+7(3S5) X
T(1S)X
T(25)X
T(35)X
(D°/D°% X
DEX
D*(2010)* X
Ds1(2536)* X
D, ;(2573)%X
D*(2629)*X
Bt X
BIX

b-baryon X
anomalous y+ hadrons
ete vy
ptumy
T'T Y
ey
a9y
vUyy

et ¥

et rT
pErF

pe

P

LF
LF
LF
LB
L,B

< 5.2

< 1.0
m< 7
[h] < 83

+0.23
(351 1o

(160 =£0.29

(29 =407
< 32

(10 405

< 44
< 1.39
< 9.4
(207 +2.0
(122 +1.7
[Al (11.4 1.3
(36 +08
(58 +22
searched for
(610 =+0.14
(156 +0.13
searched for
(154 +0.33
seen
seen
(138 +0.22
[N < 32
[l < 5.2
[l < 5.6
[l< 73
1 < 68
[/l < 55
1< 31
[h] < 17
[ < 98
[h] < 12
< 18
< 18

x 1075
x 1075
x 107
x 1075
) x 10-3
) x 1073
yx 1073
x 1073
)y x 104

x 1073
x 104
x 1075
) %
)%
) %
yx 1073
) x 10—3

)%
)%

) %

) %
x 1073
x10~4
x 104
x10~4
x10~6
x10~6
x 1076
x 10—6
x107©
x 1075
x 10—6
X 1076

CL=95%
CL=95%
CL=95%
CL=95%

S=1.1

CL=90%

CL=95%
CL=95%
CL=95%

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

45594
45594
10150
10125

Higgs Bosons — H° and H*, Searches for

The limits for H‘l) and Ay refer to the m benchmark scenario for the
supersymmetric parameters.

HO® Mass m > 114.4 GeV, CL = 95%

HY in Supersymmetric Models (mHg <mH.z,)

Mass m > 92.8 GeV, CL = 95%
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A® Pseudoscalar Higgs Boson in Supersymmetric Models [¥]
Mass m > 93.4 GeV, CL = 95% tanB >0.4
H* Mass m > 79.3 GeV, CL = 95%

See the Particle Listings in the Full Review of Particle Physics for
a Note giving details of Higgs Bosons.

Heavy Bosons Other Than
Higgs Bosons, Searches for

Additional W Bosons
W’ with standard couplings decaying to ev

Mass m >

1.000 x 103 GeV, CL = 95%

Wgr — right-handed W

Mass m >

715 GeV, CL = 90%  (electroweak fit)

Additional Z Bosons
Z/SM with standard couplings

Mass m >
Mass m >

923 GeV, CL = 95%  (pp direct search)
1500 GeV, CL = 95% (electroweak fit)

ZLR of SU(Q)LXSU(Q)RXU(].) (With gL = gR)

Mass m >
Mass m >

630 GeV, CL = 95%  (pp direct search)
860 GeV, CL = 95%  (electroweak fit)

Z, of SO(10) — SU(5)xU(1), (with g,=e/cosfy)

Mass m >
Mass m >
Z,,J; of E5 —
Mass m >
Mass m >
Z, of Eg —
Mass m >
Mass m >

822 GeV, CL = 95%  (pp direct search)

781 GeV, CL = 95%  (electroweak fit)
SO(10)xU(1), (with gy=e/cosbyy)

822 GeV, CL = 95% (pp direct search)

475 GeV, CL = 95%  (electroweak fit)
SU(3)xSU(2)xU(1)xU(1), (with g,=e/costy)
891 GeV, CL = 95% (pp direct search)

619 GeV, CL = 95%  (electroweak fit)

Scalar Leptoquarks
Mass m > 256 GeV, CL = 95% (1st generation, pair prod.)
Mass m > 298 GeV, CL = 95% (1st gener., single prod.)
Mass m > 251 GeV, CL = 95% (2nd gener., pair prod.)
Mass m > 73 GeV, CL = 95% (2nd gener., single prod.)
Mass m > 229 GeV, CL = 95% (3rd gener., pair prod.)
(See the Particle Listings in the Full Review of Particle Physics for
assumptions on leptoquark quantum numbers and branching frac-

tions.)
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Axions (A°) and Other
Very Light Bosons, Searches for

The standard Peccei-Quinn axion is ruled out. Variants with reduced
couplings or much smaller masses are constrained by various data. The
Particle Listings in the full Review contain a Note discussing axion
searches.

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is > 7.2 x 10%* years (CL = 90%).

NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity. We do this when S > 1,
which often indicates that the measurements are inconsistent. When S > 1.25,
we also show in the Particle Listings an ideogram of the measurements. For more
about S, see the Introduction.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] Theoretical value. A mass as large as a few MeV may not be precluded.
[b] ¢ indicates each type of lepton (e, 4, and 7), not sum over them.
[

c] This represents the width for the decay of the W boson into a charged
particle with momentum below detectability, p< 200 MeV.

[d] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

[e] This partial width takes into account Z decays into v7 and any other
possible undetected modes.

[f] This ratio has not been corrected for the 7 mass.
[

g Here A = 2gyga/(8%+83)-

[h] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[i] See the Z Particle Listings in the Full Review of Particle Physics for the
~ energy range used in this measurement.

[j] For m, = (60 + 5) GeV.
[k] The limits assume no invisible decays.
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LEPTONS

=
Mass m = (548.57990943 £ 0.00000023) x 10~° u
Mass m = 0.510998910 + 0.000000013 MeV
|Mes — mg_|/m< 8x1079, CL = 90%
|ge+ + qo-|/e < 4x1078
Magnetic moment anomaly

(g—2)/2 = (1159.6521811 + 0.0000007) x 10~°

(8e+ — 8e-) | Baverage = (—0.5 £ 2.1) x 10712
Electric dipole moment d = (0.07 & 0.07) x 10~26 ecm
Mean life 7 > 4.6 x 1026 yr, CL = 90% 2]

Mass m = 0.1134289256 + 0.0000000029 u
Mass m = 105.658367 £+ 0.000004 MeV
Mean life ~ = (2.197019 + 0.000021) x 1065 (S = 1.1)
TH_,_/TM, = 1.00002 £ 0.00008
cr = 658.650 m
Magnetic moment anomaly (g—2)/2 = (11659208 + 6) x 10710
(g/l+ - g,,,—) / 8average = (—0.11 & 0.12) x 10°8
Electric dipole moment d = (3.7 & 3.4) x 10719 ecm

Decay parameters (]
p = 0.7509 + 0.0010
7 =0.001 £ 0.024 (S =2.0)
6§ = 0.7495 + 0.0012
€P, = 1.0007 £ 0.0035 [€]
€P,8/p > 0.99682, CL = 90% €]
£ =1.00 + 0.04
& =07+04
a/A=(0+4)x1073
o/ /A= (0+4)x1073
B/A = (4+6)x1073
B'/A = (1+5)x1073

7 =0.02 +0.08
;ﬁ' modes are charge conjugates of the modes below.

p
p~— DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
€ Ve, ~ 100% 53

€ Vel [d] (1.4+0.4) % 53

e Tey ete” le] (3.4+0.4) x 1075 53
Lepton Family number (LF) violating modes

e Vel LF [f] < 1.2 % 90% 53

ey LF <12 x 10711 90% 53

eete” LF <10 x 1012 90% 53

e~ 2y LF <72 x 10~ 11 90% 53
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1
J=3

Mass m = 1776.84 £+ 0.17 MeV
(m_s — m__)/Mayerage < 2.8x 1074, CL = 90%
Mean life 7 = (290.6 & 1.0) x 10715 s
cr = 87.11 ym
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.22 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.25 to 0.008 x 10~16 ecm, CL = 95%

Weak dipole moment

Re(d¥) < 0.50 x 10717 ecm, CL = 95%
Im(d¥) < 1.1x 10717 ecm, CL = 95%

Weak anomalous magnetic dipole moment

Re(e!) < 1.1x 1073, CL = 95%
Im(a®) < 2.7 x 1073, CL = 95%

Decay parameters

See the 7 Particle Listings in the Full Review of Particle Physics for a
note concerning 7-decay parameters.

p(e or u) = 0.745 + 0.008
p(€e) = 0.747 £ 0.010

p(p) = 0.763 £+ 0.020

&(e or ) = 0.985 + 0.030
&(e) = 0.994 + 0.040

&(1) = 1.030 £ 0.059

n(e or 1) = 0.013 + 0.020
n(p) = 0.094 + 0.073

(6&)(e or u) = 0.746 £ 0.021
(6¢)(e) = 0.734 + 0.028
(6€)(p) = 0.778 + 0.037
&() = 0.993 + 0.022

&(p) = 0.994 + 0.008

&(ay) = 1.001 + 0.027

&(all hadronic modes) = 0.995 + 0.007

71 modes are charge conjugates of the modes below. “hE" stands for nt or

KE. “¢" stands for e or p. “Neutrals” stands for ~’s and/or 70,
Scale factor/
7~ DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
Modes with one charged particle
particle™ > 0 neutrals > 0K%v. (85.36+0.08) % s=13 -
(“1-prong”)

particle™ > 0 neutrals > OKgV.,- (84.73+0.08) % S=1.4 -
WOy lg] (17.36+0.05) % 885
BTy le] (36 +£0.4)x1073 885

€ Tev, [g] (17.85+0.05) % 888

€ Tevry le] (1.75+0.18) % 888

h= > OKE vy (12.134+0.07) % S=1.1 883
h~ v, (11.6040.06) % S=1.1 883
T Uy [g] (10.91+0.07) % S=1.1 883

K™ v, lg] ( 6.95+0.23) x 10~3 s=1.1 820
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h=>1 eutralsyT (37.08+0.11) % S=1.2 -
h=>1 71' vy (ex.K9) (36.54+£0.11) % s=1.2 -

h~—m (25.95+0.10) % S=1.1 878
T 7r0 vy [g] (25.52+0.10) % s=1.1 878
7~ 7% non-p(770) v, (3.0 £32 )x 1073 878
K= m0u, lg] ( 4.28+0.15) x 10~3 814
h= > 27%, (10.840.12) % $=1.3 -
h= 270, ( 9.4940.11) % $=1.2 862
h= 270, (ex.KO) (19.33+£0.12) % s=1.2 862
7270 (ex.KO) lg] (9.27£0.12) % S=1.2 862
7210y, (ex.KD), <9 x1073  CL=95% 862
scalar
7210y, (ex.KD), <7 x1073  CL=95% 862
vector
K=279%0, (ex.KO) le] (63 £23)x10~4 796
h= > 370, (1.35£0.07) % s=1.1 -
h= > 370w, (ex. K?) (1.26+0.07) % s=1.1 -
h= 3%, (1.180.08) % 836
7~ 3701, (ex.KO) lg] ( 1.04£0.07) % 836
K=3n%, (ex.K%, ) [g] (47 £2.1)x104 765
h= 470, (ex.KO) (1.6 £0.4 )x 1073 800
h= 4% (ex.K%,n) le] (1.0 £04 )x1073 800
K= >01% >0K® >0y v, ( 1.57+£0.04) % S=1.1 820
K= >1(x%or KO orn) v, ( 8.74+0.32) x 10-3 -
Modes with K9's
K9 (partldes) v, (9.2 £0.4 )x 1073 S=1.4 -
h~K° v, (10.0 +0.5 ) x 10~3 S=1.8 812
T K0 lg] (84 +04)x10-3 5=2.0 812
7~ K° (non K*(892)7) v, (54 21 )x1074 812
K= K0u, [g] ( 1.58+0.16) x 10~3 737
K=K > 0n0u (3.16+0.23) x 10~3 737
h=Kx0y (55 +0.4 )x 103 794
7 Kox0y lg] (3.9 +04)x10-3 794
Kp~ v, (2.2 £05 )x 103 612
K= KOx0u, lg] ( 1.58+0.20) x 10—3 685
7 KO > 170 (32 +£1.0 )x 1073 -
7 KOx070y, (26 +2.4 )x 1074 763
K= KO7070,, < 16 x 1074 CL=95% 619
7" KOKu, (1.7 +£0.4 )x 1073 S=16 682
T KIK%v, le] (24 +05)x1074 682
KKV, lg] (12 +04)x1073 S=17 682
7 KOKO 70y, (31 +£23)x 1074 614
1~ KIKY7Ou, < 20 x107%  CL=95% 614
= KIKI70u, (31 £1.2 )x 1074 614
KOhth=h~ > 0 neutrals v, < 17 x1073  CL=95% 760
KOnth=h=u, (23 +£20 )x 1074 760
Modes with three charged particles
h=h=h* >0 neutrals > 0K9u, (15.1840.08) % S=1.4 861
h=h=ht >0 neutrals v, (14.5640.08) % S=1.3 861
(ex. K — 7ta7)
(“3-prong”)
h=h=htu, ( 9.80+0.08) % S=1.4 861
h=h=ht v (ex.K?) ( 9.45+0.07) % s=1.3 861
h=h= ht v (ex.KOw) ( 9.42+0.07) % s=13 861
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I S 7

7~ vy (ex.KO)

7 vy (ex.K9),

n-axial vector

“rt vy (ex. KOw)

—ht >1 neutrals v,

—ht >172%, (ex. KO)

h=htalu,

h=h* OVT (ex.KO)

h=hta0u, (ex. KO, w)
0 7

R

+

— gt

— gt
(o]

:-:-:1
:—:—:\:

+

™
—h~ht > 27% (ex. KO)
~h~ht2nly,
~h™ht 270, (ex. KO)
~h~ ht 270, (ex. KO\w,m)
~h=ht 320,
K~ hth™ >0 neutrals v,
vy (ex K9)
v, (ex.K?)
> 0 neutrals v,
>07r v, (ex.K9)

}}}}}:\:}ﬂ}}}

K~ hTm
K= htn™
K ntn~
K ntn~

3

at
+

3
T F
R

K=nt K= >0 neut. v,

K= Kt7~ >0 neut. v,
K- Ktr v,
K=Kta= 20y,

K~ KtK~ >0 neut. v,

K KtK~ v,
K=Kt K= v, (ex. ¢)
K=Kt K= a0,
7~ Kt7~ >0neut. v,

e~ e et v,
noe e+ﬁu Vr

8]

8]

8]

8]

lg]

8]

8]
le]

( 9.3240.07) %
( 9.03+0.06) %
< 24 %

(1 8.99+0.06) %
( 5.3840.07) %
( 5.08+0.06) %
( 4.7540.06) %
( 4.560.06)
( 2.7940.08)
( 4.610.06)
( 4.48+0.06) %
(2.70+0.08) %
( 5.16+0.33) x 10~3
( 5.0440.32) x 1073
( 4.9440.32) x 1073
(9 +4 )x1074

)

)

)

)

)

)

)

)

)

)

)

)

)

R

(23 406 )x1074
( 6.2440.24) x 10~3
( 4.2740.19) x 1073
(87 +1.2 )x1074
( 4.78+0.21) x 103
( 3.68+0.19) x 10—3
( 3.41+0.16) x 1073
( 2.87+0.16) x 10~3
(1.4 £05)x1073
( 1.3540.14) x 10~3
(81 +12
(75 +12
(37 £09 )x10~4
<9 x 1074
( 1.460.06) x 103
( 1.40+0.05) x 103
(6.1 £25)x107°
< 21 x 1073
( 1.5840.18) x 1075
< 25 x 106
< 48 x 1076
< 25 x 1073
(28 +£15)x107°
< 36 x 1075

x10~4
x10~4

Modes with five charged particles

3h~2hT >0 neutrals v,
(ex. K — 77 x)
(“5-prong”)
3h=2hT v (ex.KO)
3h=2hT 701 (ex.KO)
3h=2ht 270,

8]
8]

( 1.0240.04) x 10—3

( 8.39+0.35) x 104
( 1.78+0.27) x 104
< 34 x 1076

Miscellaneous other allowed modes

(57) " vy
4h=3hT >0 neutrals v,
(“7-prong”)
4h=3h* v,
4h=3ht 0y,

(7.6 £05)x10~3

< 3.0 x 107
< 43 x 107
< 25 x 107

S=1.2
S=1.2
CL=95%

S=1.2
S=1.2
S=1.1
S=1.2
S=1.2
S=1.2
S=1.1
S=1.1
S=1.2

S=1.2
S=1.5
S=2.4
S=1.1
S=1.3
S=1.4
S=1.8
S=2.1

CL=95%
S=1.6
S=1.7
S=14

CL=95%

CL=90%

CL=90%

CL=95%

CL=90%

S=1.1

S=1.1

CL=90%

CL=90%

CL=90%
CL=90%

861
861
861

861

834
834
834
834
834
834

797
797
797
749
794
794
763
794
794
794
794

763
763
763
763
685
685
685
618
472
472

345
794
888
885

794

794
746
687

800
682

682
612
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X (S=—1)v; ( 2.85+0.07) % S=13 -
K*(892)~ > 0 neutrals > (1.4240.18) % S=1.4 665
0K,
K*(892)~ v, ( 1.20+0.07) % S=1.8 665
K*(892) v, — n~ K'u, (7.8 £05 )x 1073 -
K*(892)° K= > 0 neutrals v, (32 1.4 )x103 542
K*(892)° K~ v, (21 404 )x1073 542
K*(892)°7~ > 0 neutrals v, (38 +1.7 )x 1073 655
K*(892)0n v, (22 405 )x 1073 655
(K*(892)7)~ vy — 7~ K9n0u (1.0 £0.4 ) x 1073 -
K1(1270) " v, (47 £1.1)x1073 433
K1(1400)~ v, (1.7 426 )x 1073 s=1.7 335
K*(1410)~ v, (15 T8 )x1073 326
K5(1430)" vy <5 x 1074 CL=95% 317
K3(1430)~ v, <3 x 1073 CL=95% 317
nr v, < 14 x 1074 CL=95% 797
nr alu, lg] ( 1.81+0.24) x 10~3 778
nr~m0n0u, (1.5 +£05 ) x 1074 746
nK v, lg] (27 406 )x104 719
nK*(892)" v, (29 409 )x10~4 511
nK v, (1.8 £09 )x10~4 665
KO r~ v, (22 407 )x1074 661
nat a7~ >0 neutrals v, < 3 x 1073 CL=90% 744
-t v, (23 +£05)x1074 744
na1(1260)" v, — nr~ p'v, < 3.9 x 1074 CL=90% -
T vy < 11 x 1074 CL=95% 637
nnm~ 10, < 20 x107%  CL=95% 559
n'(958) 7~ v, < 1.4 x 1073 CL=90% 620
7'(958) 7 v, < 80 x1075  CL=90% 591
oT vy (3.4 06 )x 1075 585
OK v, ( 3.70+0.33) x 10> S=1.3 445
f(1285) 7~ v, (41 +08)x107% 408
f(1285) 7~ v, — (1.3 +£0.4 )x1074 -
nmwo atn~ 2=
m(1300)" v, — (pm) vy — 1.0 x 1074 CL=90% -
Bm)" v,
m(1300)" v, — 1.9 x 1074 CL=90% -
(7 m)s—wave ™)~ vy —
(Bm) v,
h™w > 0 neutrals v, ( 2.40+0.09) % S=1.2 708
h~wu, lg] ( 1.99+0.08) % s=13 708
K- wr, (41 409 )x1074 610
h~wnlv, le] (41 +£04)x1073 684
h~w2nOu, (1.4 £05)x 1074 644
h™ 2w, < 54 x 107 CL=90% 250
2h~htwu, ( 1.2040.22) x 10~4 641
Lepton Family number (LF), Lepton number (L),
or Baryon number (B) violating modes
L means lepton number violation (e.g. 7~ — et x 7). Following
common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e~ w1 x ). B means baryon number violation.
ey LF < 11 x 1077 CL=90% 888
Wy LF < 68 x 1078 CL=90% 885
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e 70
,ufﬂ'o
— 10
e_K8
noKg
e n

L

-
bobod

€ &

o
=
e
-
e K*(892)°
u~ K*(892)0
e~ K*(892)0
u— K*(892)0
e~ 1/(958)
u~ n'(958)
e ¢

uo ¢

e ete

e~ ptp~

et noop
wo ete™
pte e
ot

e~ ntn™
etr—n~
no atr~
,u,+ T T
et K™
e~ Kt

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
L
LF
L
LF
LF
L
LF
LF
L
LF
LF
L
LF
LF
L
LF
LF
LF
LF
LF
LF
L,B
L,B
L,B
L,B
L,B
LB

ANNNANNANNANNANANANANANANNNNANANANANANNNANNANANANANNANANNANNNNANNNANANANANNNANNANNNANNNANNNNNNANANNAN

8.0
1.1
5.6
4.9
9.2
6.5
6.3
6.8
1.1
8.9
7.8
5.9
7.7
1.0
1.6
1.3
7.3
1.3
3.6
3.7
23
2.7
2.0
3.2
1.2
2.0
2.9

3.2
1.6
1.8
2.2
1.4
15
2.6
3.2
2.2
3.4
25
4.4
6.5
1.4
3.5
6.0
2.4
2.2
3.5
15
3.3
8.9
2.7
7.2

x 1078
x10~7
x 1078
x 10~8
x 1078
x 108
X 1078
x 1078
x10~7
x 1078
x 1078
X 1078
x 10—8
x 107
x10~7
x 107
x 1078
x 10~ 7
x 10~8
x 1078
x 108
X 1078
X 1078
x 1078
x 10~7
x 107
x 107
x 1078
x 107
x 107
x10~7
x 1076
x 10~7
x 107
x 107
x 10~ 7
x 107
x 1076
x10~7
x10~7
x 1076
x 102
x 1075
x 1075
x 102
x 1075
x 10—
x 1075
x 1075
x 106
x 1075
x 1078

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

883
880
819
815
804
800
719
715
716
711
665
659
665
659
630
625
596
590
888
882
882
885
885
873
877
877
866
866
813
813
813
736
738
738
800
800
800
696
699
699
878
867
699
653
798
784
641
632
604
475
360
525
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A~ LB < 14 x1077  CL=90% 525
e~ light boson LF < 27 x 1073 CL=95% -
1~ light boson LF <5 x 1073 CL=95% -

Heavy Charged Lepton Searches

L% — charged lepton
Mass m > 100.8 GeV, CL = 95% [l Decay to v W.

L% — stable charged heavy lepton
Mass m > 102.6 GeV, CL = 95%

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV  (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 10% s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment p < 0.74 x 10710 g, CL = 90%  (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP data)
Number N =2.92 + 0.05 (S=1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
mass, mixing, and flavor change” by B. Kayser in this Review.
sin?(26y) = 0.86 7393
Am3; = (8.0 £0.3) x 1075 eV?
The ranges below for sin?(2653) and Am3, correspond to the projections
onto the appropriate axes of the 90% CL contour in the sin?(20p3)-Am3,
plane.

sin?(263) > 0.92 _
AmZ, =1.9103.0 x 1073 ev2 [1]

sin2(26,3) < 0.19, CL = 90%

Heavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.
Stable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95%  (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)
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Neutral Heavy Lepton Mass Limits
Mass m > 90.3 GeV, CL = 95%
(Dirac v; coupling to e, u, 7; conservative case(7))
Mass m > 80.5 GeV, CL = 95%
(Majorana v coupling to e, p, 7; conservative case(r))

NOTES

In this Summary Table:

When a quantity has “(S = ...)" to its right, the error on the quantity has been
arged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity. We do this when S > 1,
ich often indicates that the measurements are inconsistent. When S > 1.25,
also show in the Particle Listings an ideogram of the measurements. For more

enl

wh
we

about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in

this frame.

[a] This is the best limit for the mode e~ — v~. The best limit for “electron
disappearance” is 6.4 x 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the p Particle Listings in
the Full Review of Particle Physics for definitions and details.

[c] Py is the longitudinal polarization of the muon from pion decay. In
standard V—A theory, P, = 1 and p = § = 3/4.
[d] This only includes events with the v energy > 10 MeV. Since the e~ 7 v,

and e~ Dev,y modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[e] See the relevant Particle Listings in the Full Review of Particle Physics
for the energy limits used in this measurement.

[f] A test of additive vs. multiplicative lepton family number conservation.
[g] Basis mode for the 7.
[h] L* mass limit depends on decay assumptions; see the Full Listings.

[i] The sign of Am§2 is not known at this time. The range quoted is for
the absolute value.
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QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as MS
at a scale y ~ 2 GeV. The c- and b-quark masses are the “running”
masses in the MS scheme. For the b-quark we also quote the 1S
mass. These can be different from the heavy quark masses obtained
in potential models.

[¥] 1P =33

Mass m = 1.5 to 3.3 MeV [4 Charge = % e I;= +%
my/mg = 0.35 to 0.60

[4] 10P) = 3G3)

Mass m = 3.5 to 6.0 MeV [4 Charge = —% e l,=-—
mg/mg = 17 to 22
m= (my+mg)/2 = 2.5 to 5.0 MeV

[5] 1Py = o(3 )

Mass m = 104728 Mev [ Charge = —1 e Strangeness = —1
(ms = (my + mg)/2)/(mg — my) = 30 to 50

1Py = 04

Mass m = 1.271 397 Gev Charge = 3 e Charm = +1

[2] 10P) =03 %)

Charge = —% e Bottom = —1

Mass m = 4.20+ 027 Gev  (MS mass)

[t] 1UP) = 0(3%)

Charge = % e Top = +1

Mass m = 171.2 & 2.1 GeV [ (direct observation of top events)

p
t DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Waq(q=b s, d) -
Wb -
Lyganything [cd] (9.4+24)% -

~vq(g=u,c) le] < 5.9 x 103 95%
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AT = 1 weak neutral current (71) modes
Zq(q=u,c) TI [f] < 13.7 % 95%

b’ (4" Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pP, quasi-stable b’)
Mass m > 199 GeV, CL = 95%  (pp, neutral-current decays)
Mass m > 128 GeV, CL = 95% (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (eT e, all decays)

t (4"' Generation) Quark, Searches for

Mass m > 256 GeV, CL =95% (pp, t't’ prod., t' — Wq)

Free Quark Searches

All searches since 1977 have had negative results.

NOTES

[a] The ratios m,/mg and ms/my are extracted from pion and kaon masses
using chiral symmetry. The estimates of u and d masses are not without
controversy and remain under active investigation. Within the literature
there are even suggestions that the v quark could be essentially massless.
The s-quark mass is estimated from SU(3) splittings in hadron masses.

[b] Based on published top mass measurements using data from Tevatron
Run-1 and Run-11. Including also the most recent unpublished results from
Run-I1, the Tevatron Electroweak Working Group reports a top mass of
172.6 = 0.8 + 1.1 GeV. See the note “The Top Quark” in the Quark
Particle Listings of this Review.

[c] ¢ means e or ;v decay mode, not the sum over them.

[d] Assumes lepton universality and W-decay acceptance.

[e] This limit is for '(t — ~q)/T(t — Wb).

[f] This limit is for T(t — Zq)/T(t — Wb).
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For I =1(m, b, p, a): ud, (vT—dd)/V?2, dT;
for I =0 (m, 7', h W,w, & f, f): c(uT + dd) + c(s53)
x* 16(Py=17(07)
Mass m = 139.57018 + 0.00035 MeV (S = 1.2)
Mean life 7 = (2.6033 & 0.0005) x 10785 (S =1.2)
cr = 7.8045 m
nt — ¢y form factors [2]
Fy = 0.017 £ 0.008
Fa = 0.0115 4 0.0005 (S =1.2)
R = 0.059+0:9%
7~ modes are charge conjugates of the modes below.
For decay limits to particles which are not established, see the appropriate
Search sections (Massive Neutrino Peak Search Test, A (axion), and Other
Light Boson (XO) Searches, etc.).

p
=+ DECAY MODES Fraction (T';/T) Confidence level (MeVc)
ut Y [b]  (99.98770+0.00004) % 30

wry,y [c] (200 +025 )x107% 30
et e [b] (1230 +0.004 )x10—% 70
etvey [c] (161 +£023 )x10~7 70
et vend (1.036 £0.006 )x10~8 4
etveete” (32 +05 )x1079 70
etvevw <5 x 1076 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
utve L [d < 15 x 1073 90% 30
utve LF  [d < 80 x 1073 90% 30
u—etety LF < 16 x107%  90% 30
70 16UPC) =170~ 1)
Mass m = 134.9766 + 0.0006 MeV (S =1.1)
m_y —m_o = 45936 £ 0.0005 MeV
Mean life 7 = (8.4 + 0.6) x 10~17 s (S = 3.0)
cr =251 nm
For decay limits to particles which are not established, see the appropriate
Search sections (AY (axion) and Other Light Boson (X*) Searches, etc.).
Scale factor/ p
70 DECAY MODES Fraction (T';/T) Confidence level (MeVc)
2y (98.79840.032) % S=1.1 67
ete ( 1.198+0.032) % S=1.1 67
~ positronium (1.82 +£0.29 ) x 1079 67
etete e~ (314 £0.30 ) x 1075 67
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ete™ (6.46 +£0.33 ) x10~8 67
4y < 2 x1078  CL=90% 67
1% le] < 2.7 x10~7  CL=90% 67
VeTe < 17 x 1076 CL=90% 67
YTy < 16 x107%  cL=90% 67
v, U, < 21 x107%  CL=90% 67
YU < 6 x1074  CL=90% 67

Charge conjugation (C) or Lepton Family number (LF) violating modes

3y c < 31 x 1078  CL=90% 67
ute LF < 38 x 10710 cL=90% 26
poet LF < 34 x 1079 CL=90% 26
pte™ + p-et LF < 172 x 1078 CL=90% 26

/G(JPC):0+(07+)

Mass m = 547.853 + 0.024 MeV []

Full width T = 1.30 + 0.07 keV (8]
C-nonconserving decay parameters

ata= 70 Left-right asymmetry = (0.09 + 0.17) x 1072
+7~ 70  Sextant asymmetry = (0.18 + 0.16) x 102
at 7~ 70  Quadrant asymmetry = (—0.17 + 0.17) x 1072
+a~y  Left-right asymmetry = (0.9 & 0.4) x 1072

+rn=y B (D-wave) = —0.02 £ 0.07 (S =1.3)

Dalitz plot parameter

707070 a = —0.031 + 0.004

Scale factor/ p
n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Neutral modes

neutral modes (71.914+0.34) % S=1.2 -
2y [g] (39.31+0.20) % S=1.1 274
370 (32.56£0.23) % S=1.1 179
702y (44 +£15)x1074 $=2.0 257
7070y~ < 12 x1073  CL=90% 238
4y < 2.8 x 1074 CL=90% 274
invisible < 6 x 104 CL=90% -

Charged modes

charged modes (28.06+0.34) % S=1.2 -
ata= 70 (22.7340.28) % $=1.2 174
ata =y ( 4.60+0.16) % s=2.1 236
ete vy (68 +£0.8)x1073 S=1.7 274
wtpy (31 +£04 )x10~4 253
ete~ < 77 x 1075 CL=90% 274
wtu~ (58 +0.8 )x1070 253
ete ete < 69 x1075  CL=90% 274
atr=ete” (42 £1.2 )x1074 235
atr= 2y < 20 x 1073 236
atr= a0y <5 x1074  CL=90% 174

wOutpy < 3 x1076  CL=90% 210
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Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or

Lepton Family number (LF) violating modes

70y c <9 x107%  CL=90% 257
ata~ P,cP < 13 x 1075 CL=90% 236
7070 P,CP < 35 x1074  CL=90% 238
7070~ c <5 x 1074 CL=90% 238
70070y c < 6 x107%  CL=90% 179
3y c < 16 x 1075 CL=90% 274
470 P,CP < 69 x10~7  CL=90% 40
mlete— c < 4 x1075  CL=90% 257
aOutu~ c [h < 5 x 1076 CL=90% 210
ute= + pet LF < 6 x 1076 CL=90% 264
1]
fb(600) /G(JPC) — 0+(0++)
oro
Mass m = (400-1200) MeV
Full width T = (600-1000) MeV.
1(600) DECAY MODES Fraction (I';/T) (Mevjo)
T dominant -
¥y seen -
p(770) U 16UPC =1t )
Mass m = 775.49 + 0.34 MeV
Full width ' = 149.4 + 1.0 MeV
Mee = 7.04 + 0.06 keV
Scale factor/ p
p(770) DECAY MODES Fraction (I;/T) Confidence level  (MeV/c)
T ~ 100 % 363
p(T70)* decays
ey ( 45 £05 ) x 10~4 $=2.2 375
iy < 6 x 1073 CL=84% 153
atat a0 < 20 x 1073 CL=84% 254
p(770)° decays
ata Ty (9.9 1.6 yx 1073 362
70 ( 6.0 +0.8 ) x 10—4 376
ny ( 3.0040.21 )y x 104 194
w00y ( 45 +08 ) x 1075 363
wtp [kl ( 4554028 ) x 10~5 373
ete k] ( 471+0.05 ) x 1075 388
ata— 0 ( 1017538 £034) x 1074 323
rtr—atn ( 1.8 £0.9 ) x 10~5 251
ata— a070 < 4 x 1075 CL=90% 257




26 Meson Summary Table

w(782)

Mass m = 782.65 + 0.12 MeV (S =1.9)
Full width ' = 8.49 + 0.08 MeV
lee = 0.60 = 0.02 keV

16UPCY =01~ )

Scale factor/ p
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ata— a0 (89.2 £0.7 )% 327
70y ( 8.92:£0.24) % S=11 380
ot (1531310 S=1.2 366
neutrals (excludingz®+) (15 TTd)x10-3 -
ny (46 +£04 )x10~4 S=1.1 200
nlete~ (7.7 £09 )x 1074 S=1.1 380
Ot (96 +23 )x 1075 349
ete™ ( 7.16+0.12) x 105 S=1.1 391
ot 7070 < 2 % CL=90% 262
rtr =y < 36 x 1073 CL=95% 366
rta-ata™ <1 x 1073 CL=90% 256
w070 (67 +1.1 )x 1075 367
n70 < 33 x1075  CL=90% 162
utu~ (9.0 £3.1 )x 1075 377
3y < 19 x 1074 CL=95% 391
Charge conjugation (C) violating modes
n70 c <1 x1073  CL=90% 162
3n0 c <3 x10~4  CL=90% 330
7/(958) 16(PC) =0t~ )
Mass m = 957.66 + 0.24 MeV
Full width ' = 0.205 £ 0.015 MeV (S = 1.2)
¢ C-violating decay parameter = 0.015 £+ 0.018
Scale factor/ p
/(958) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Tta n (44.6 +1.4 )% S=1.2 232
poq/(including non-resonant (294 £09 )% S=1.1 165
7t )
w070y (207 £1.2 )% s=1.2 238
wy (3.0240.31) % 159
vy ( 2.1040.12) % s=1.2 479
370 ( 1.5440.26) x 1073 430
wtp=y ( 1.03£0.26) x 10~4 467
atax0 < 5 % CL=90% 427
70 po < 4 % CL=90% 110
atrtr—n~ <1 % CL=90% 372
at rt = 7 neutrals <1 % CL=95% -
atata—a= 70 <1 % CL=90% 298
6m <1 % CL=90% 211
rtr~ete < 6 x 1073 CL=90% 458
yete~ < 9 x10~4 CL=90% 479
70 yy < 8 x1074  CL=90% 469
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470 <5 x 10~4 CL=90% 379
ete~ < 21 x10~7 CL=90% 479
invisible < 14 x 1073 CL=90% -

Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes

ata~ p,cp < 29 x 1073 CL=90% 458
7070 p,cP <9 x1074%  CL=90% 459
mlete~ c < 14 x1073  CL=90% 469
nete~ c [ < 2.4 x 1073 CL=90% 322
3y c < 10 x 104 CL=90% 479
whp= a0 c [ < 6.0 x1075  CL=90% 445
T um c n < 15 x 1075 CL=90% 273
ptpTy
e LF < 47 x 1074 CL=90% 473
fb(980) I /G(JPC) =ot@+H

Mass m = 980 + 10 MeV
Full width ' = 40 to 100 MeV

fp(980) DECAY MODES Fraction (I';/T) p (MeV/c)

T dominant 471

KK seen t

e seen 490
a0(980) [ 16UPCy =1=(0+ )

Mass m = 984.7 £ 1.2 MeV (S =1.5)
Full width ' = 50 to 100 MeV

39(980) DECAY MODES Fraction (I';/T) p (Mevjc)

nmw_ dominant 322

KK seen 1

vy seen 492
#(1020) 16(UPCy =0—(1— )

Mass m = 1019.455 + 0.020 MeV (S = 1.1)
Full width ' = 4.26 £+ 0.04 MeV (S = 1.4)

Scale factor/ p

#(1020) DECAY MODES Fraction (I';/T) Confidence level ~ (MeV/c)
KTK— (492 +06 )% S=1.2 127
K9 K8 (340 +05 )% s=11 110
pm 4+ nta 70 (15.25 +0.35 ) % S=1.1 -
Yy ( 1.30440.025) % s=1.1 363
w0y (126 £0.06 ) x 103 501

ete™ (1297 +£0.04 ) x 104 s=1.1 510

wtp~ (286 £0.19 ) x 104 499
nete~ (1.15 +£0.10 ) x 104 363
ata™ (73 £13 )x1075 490
wn® (s j{:f ) x 1075 171

wy < 5 % CL=84% 209
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Py < 12 x107%  CL=90% 215
rtr=y (41 +13 )x107° 490
15(980) (322 +£0.19 ) x 1074 S=1.1 39
¥y ( 1.07 +£0.06 ) x 104 492
atr atn— (39 28 )16 410
atata—rn0 < 46 x 106 CL=90% 342
mlete (112 £028 ) x 1075 501
w0y (83 +05 )x10~5 346
ap(980)~y (7.6 +06 )x107° 34
7'(958) (6.23 +£0.21 ) x 107> 60
nr0a0y < 2 x1075  CL=90% 293
whpy (1.4 +05 )x107° 499
PYY < 5 x10™4  CL=90% 215
nrto™ < 1.8 x1075  CL=90% 288
nutp” < 94 x 1076 CL=90% 321
hy(1170) 16UPCY =01t )
Mass m = 1170 + 20 MeV
Full width T = 360 + 40 MeV
hy(1170) DECAY MODES Fraction (I;/T) p (MeV/c)
pT seen 307
by(1235) 16(UPC) =1+ + )
Mass m = 1229.5 + 3.2 MeV (S = 1.6)
Full width T = 142 & 9 MeV (S =1.2)
p
by (1235) DECAY MODES Fraction (F;/T) Confidence level (MeV/c)
wT dominant 348
[D/S amplitude ratio = 0.277 £ 0.027]
Ty ( 1.6+0.4) x 1073 607
np seen t
71'*27L 7 0 < 50 % 84% 535
(KK)* 70 < 8 % 90% 248
KYKYrt < 6 % 90% 235
KKt < 2 % 90% 235
o < 15 % 84% 147
a1(1260) [ 1I6UPCY =11+ )
Mass m = 1230 + 40 MeV "]
Full width ' = 250 to 600 MeV
a;(1260) DECAY MODES Fraction (I';/T) p (MeVyc)
(PT)s—wave seen 353
(PT)D—wave seen 353
(p(1450)7) s _wave seen T
(p(1450)7) p—_wave seen i

agm

seen
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f(980) not seen 189
fo(1370) seen T
£(1270) 7 seen T
K K*(892) + c.c. seen T
Ty seen 608
f,(1270) 16(JPCy = ot2+ )

Mass m = 1275.1 + 1.2 MeV (S = 1.1)

Full width T = 185.072:2 MeV (S = 1.5)

Scale factor/ p
£(1270) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
T (848 F24)% 5=1.2 623
't r~ 2n0 (71 t14)% S=13 562
KK (46 £04)% s=2.7 403
ot or— (28 0.4 )% S=1.2 559
nn (40 08 )x1073 S=2.1 326
470 (3.0 £1.0 )x 1073 564
vy ( 1.4140.13) x 1075 638
nuw < 8 x 1073 CL=95% 477
KOK— 7t 4+ c.c. < 34 x1073  CL=95% 203
ete” < 6 x 10710 cL=90% 638

f1(1285) 16UPCY = ot + )
Mass m = 1281.8 + 0.6 MeV (S = 1.6)
Full width ' = 24.3 + 1.1 MeV (S = 1.4)

Scale factor/ p
f(1285) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
4r @31t 2% 5=13 568

w00 nt (2207F 14y % 5=13 566
ot o~ ot 37y % 5=13 563
POrtr ot 37y % S=13 336
popo seen t
470 < 7 x 1074 CL=90% 568
nww (52 +16 )% 482
a0(980) 7 [ignoring a9(980) — (36 £7 )% 234
KK]
nmm [excluding ag(980) ] (16 £7)% 482
KKm. (9.0+ 04)% S=1.1 308
K K*(892) not seen T
0 ( 55+ 1.3)% 5=2.8 406
oy (7.4+ 26) x 1074 236
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n(1295) 16(PCY = ot(0— 1)

Mass m = 1294 + 4 MeV (S = 1.6)
Full width ' = 55 + 5 MeV

1(1295) DECAY MODES Fraction (I';/T) p (MeV/c)

7]7r+ T seen 487

ap(980) seen 244

nmemw seen 490

n(wm)s-wave seen -
7(1300) 16UPCY =10~ )

Mass m = 1300 =+ 100 MeV [7]
Full width T' = 200 to 600 MeV

x(1300) DECAY MODES Fraction (I';/T) p (MeVjc)

P seen 404

7 (77) s-wave seen -
a,(1320) 1GUPCY = 1= 2+ )

Mass m = 1318.3 +£ 0.6 MeV (S =1.2)
Full width I = 107 + 5 MeV [

Scale factor/ p
35(1320) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
37 (701 £2.7 )% S=1.2 624
nw (145 £1.2 )% 535
wrm (106 £3.2 )% S=1.3 366
KK (49 £08)% 437
7'(958) 7 (53 +09 )x1073 288
ey ( 2.68+0.31) x 10~3 652
vy (9.4 +£0.7 )x1076 659
ete~ < 6 x 1072 CL=90% 659
f(1370) I 16(JPCy = ot @0t )

Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV

fo(1370) DECAY MODES Fraction (I;/T) p (MeV/c)
T seen 672
4 seen 617
470 seen 617
onton— seen 612
atr— 270 seen 615
pp dominant t
2(mm)s-wave seen -

w(1300) seen T
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a1(1260) seen 35
nn_ seen 411
KK seen 475
KKnm not seen 1
6m not seen 508

ww not seen T
vy seen 685
ete not seen 685

m1(1400) ! 1GUPG =1—a— )
Mass m = 1351 + 30 MeV (S = 2.0)
Full width I' = 313 £ 40 MeV
mq(1400) DECAY MODES Fraction (I;/T) p (MeV/c)
7]7r0 seen 555
nmw- seen 554
n(1405) [ 16(PC) =0t (0~ )
Mass m = 1409.8 + 2.5 MeV [l (S =2.2)
Full width T = 51.1 + 3.4 MeV [l (S = 2.0)
p
1(1405) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
KK seen 425
nmmw seen 563

ap(980) 7 seen 342

n(7m)s-wave seen -
0(980)n seen T
4 seen 639

pp <58 % 99.85% f
K*(892) K seen 125

f,(1420) [ 16(UPCY =0t + )
Mass m = 1426.4 + 0.9 MeV (S =1.1)
Full width I' = 54.9 4+ 2.6 MeV
£,(1420) DECAY MODES Fraction (I';/T) p (MeV/c)
K?TK‘_ dominant 438

K K*(892) + c.c. dominant 163
nmww possibly seen 573
ool seen 349
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w(1420) I
Mass m (1400-1450) MeV

1I6PCy =01~ )

Full width T (180-250) MeV

w(1420) DECAY MODES Fraction (I';/T) p (MeV/c)
pT dominant 486
W seen 444
b1(1235) 7 seen 125
ete™ seen 710

ao(1450) [1

/G(JPC) — 1—(0++)

Mass m = 1474 + 19 MeV
Full width ' = 265 4+ 13 MeV

ag(1450) DECAY MODES Fraction (I;/T) p (MeV/c)
™ seen 627
717 (958) seen 411
KK seen 547
W seen 484

p(1450) []

/G(JPC) _ 1+(1 )

Mass m = 1465 + 25 MeV [l
Full width I = 400 & 60 MeV [7]

p(1450) DECAY MODES Fraction (I';/T) p (MeV/c)
T seen 720
4m seen 669
ete seen 732
np possibly seen 310
ap(1320) 7 not seen 55
KK not seen 541
KK*(892) + c.c. possibly seen 229
n7y possibly seen 630

n(1475) [

Mass m = 1476 + 4 MeV

/G(JPC) =0t~

(S = 1.3)

Full width T = 85 + 9 MeV (S = 1.5)

n(1475) DECAY MODES Fraction (I';/T) p (MeV/c)
KKn dominant 417
K K*(892) + c.c. seen 245

a9 (980) seen 393
Yy seen 738
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f3(1500) ] 16(UPCY = ot ++)
Mass m = 1505 £ 6 MeV (S = 1.3)
Full width ' = 109 + 7 MeV
P
f5(1500) DECAY MODES Fraction (I;/T) Scale factor (MeV/c)
T (34.942.3) % 1.2 741
atr~ seen 740
270 seen 741
47 (49.5+3.3) % 1.2 691
470 seen 691
orton— seen 687
nn (5.1+0.9) % 1.4 516
7/ (958) (1.940.8) % 1.7 i
KK (8.6+1.0) % 1.1 568
vy not seen 753
*(1525) 16(UPCY = ot + )
Mass m = 1525 + 5 MeV ("]
Full width T = 7378 Mev [1]
f'2(1525) DECAY MODES Fraction (I';/T) p (MeV/c)
KK (88.7 +£22 )% 581
nn (10.4 £22 )% 530
T (82 £15)x1073 750
vy ( 1.11£0.14) x 10— 763
m1(1600) ! 16UPG =11~ )
Mass m = 1662713 MeV (S = 1.2)
Full width ' = 234 + 50 MeV (S = 1.7)
m71(1600) DECAY MODES Fraction (I';/T) p (MeV/c)
T not seen 803
po T not seen 641
f(1270) 7~ not seen 319
b1(1235)7 seen 357
7'(958) 7~ seen 544
1(1285) seen 315
72(1645) 16(UPCY = ot — )
Mass m = 1617 & 5 MeV
Full width ' = 181 + 11 MeV
172(1645) DECAY MODES Fraction (I';/T) p (MeV/c)
a(1320) 7 seen 242
KKm seen 580
K*K seen 404
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7/7r+ T seen 685

ap(980) 7 seen 496

,(1270)n not seen T
w(1650) [1] 16(JPCY = 0—(1— )

Mass m = 1670 + 30 MeV
Full width ' = 315 4+ 35 MeV

w(1650) DECAY MODES Fraction (I';/T) p (MeV/c)

pT seen 646

W seen 617

wn seen 500

ete seen 835
w3(1670) 16UPCY =0—(3— )

Mass m = 1667 + 4 MeV
Full width T = 168 + 10 MeV [1]

w3(1670) DECAY MODES Fraction (I';/T) p (Mev/o)
pT seen 645
wmT seen 615
b1(1235)7 possibly seen 361
m9(1670) 16UPC =12 )

Mass m = 1672.4 + 3.2 MeV ["l (S = 1.4)
Full width T = 259 + 9 MeV ["l (S = 1.3)

mo(1670) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
3 (95.8+1.4) % 809
f(1270) 7 (56.3+3.2) % 329
pT (31 +4 )% 648
o (10.9£3.4) % -
(77) s-wave (87+£34)% -
KK*(892) + c.c. ((42+1.4)% 455
wp (27£1.1)% 304
vy < 28 x 107 90% 836
p(1450) 7 < 36 x 1073 97.7% 148
b1(1235)7 < 19 x 1073 97.7% 366
f1(1285) 7 possibly seen 323
a>(1320) 7 not seen 292
#(1680) 1I6UPCY =01~ )

Mass m = 1680 =+ 20 MeV [l
Full width I = 150 & 50 MeV [

$(1680) DECAY MODES Fraction (;/I) p (Mevjc)

K?*(892)+ c.C. dominant 462
K% Kr seen 621
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KK seen 680
ete™ seen 840
W not seen 623
p3(1690) 16UPC = 1+3— )
Mass m = 1688.8 = 2.1 MeV ["]
Full width I = 161 + 10 Mev [l (S = 1.5)
p3(1690) DECAY MODES Fraction (I';/T) Scale factor (MsV/c)
47 (711 £ 19 )% 790
atat a0 (67 £22 )% 787
wm (16 £6 )% 655
T (236 £ 13 )% 834
KKn (38 +£12)% 629
KK ( 158+ 0.26) % 1.2 685
nata~ seen 727
p(770)n seen 520
TP seen 633
Excluding 2p and a,(1320) 7.
a,(1320) 7 seen 307
pp seen 334
p(1700) I 16UPG =1t )
Mass m = 1720 + 20 MeV [l (0 and 7+ 7~ modes)
Full width T = 250 + 100 MeV [ (50 and 7% 7~ modes)
p(1700) DECAY MODES Fraction (I';/T) p (Mev/c)
2(rt ) large 803
pTT dominant 653
po ata— large 650
pErF a0 large 652
a1(1260) ™ seen 404
h(1170)7 seen 447
m(1300) seen 349
PP seen 372
ata~ seen 849
T seen 849
KK*(892) + c.c. seen 496
np seen 545
a>(1320) not seen 334
KK seen 704
ete™ seen 860
mw seen 674
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f(1710) [ 16PCy = ot t+ )

Mass m = 1724 £ 7 MeV (S = 1.5)
Full width ' =137 = 8 MeV (S =1.1)

fp(1710) DECAY MODES Fraction (I';/T) p (MeV/c)

KK seen 707

nn seen 666

T seen 852

ww seen 362
7(1800) 16UPCY =10~ +)

Mass m = 1816 + 14 MeV (S = 2.3)
Full width ' = 208 + 12 MeV

(1800) DECAY MODES Fraction (I';/T) p (MeV/c)
ata—a~ seen 881
fo(600) m— seen -
f0(980) m~ seen 634
fo(1370) 7~ seen 371
fo(1500) 7w~ not seen 254
P not seen 735
nnmw- seen 664
2p(980)n seen 473
a>(1320)7n not seen T
£(1270) w not seen 445
fo(1300) 7 not seen -
fo(1500) 7~ seen 254
01’ (958) 7~ seen 380
K§(1430) K~ seen t
K*(892) K~ not seen 573
¢3(1850) 16UPC =0-37 ")

Mass m = 1854 + 7 MeV
Full width T = 87738 Mev (S = 1.2)

¢3(1850) DECAY MODES Fraction (I';/T) p (MeV/c)

KK seen 785

K K*(892) + c.c. seen 602
m5(1880) 1I6JPCy =1—2— 1)

Mass m = 1895 + 16 MeV
Full width ' = 235 4+ 34 MeV
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£,(1950) 16(FPC) =02+ )

Mass m = 1944 £+ 12 MeV (S = 1.5)
Full width ' = 472 4+ 18 MeV

£(1950) DECAY MODES Fraction (I;/T) p (MeVjc)
K*(892) K*(892) seen 387
ata™ seen 962
4 seen 925
nn seen 803
KK seen 837
Yy seen 972
£,(2010) 16PC)y =0ttt

Mass m = 20117 55 MeV
Full width I = 202 + 60 MeV

#,(2010) DECAY MODES Fraction (I';/T) p (Mev/c)

1) seen i

KK seen 876
a4(2040) 6P =174+ )

Mass m = 2001 + 10 MeV
Full width ' = 313 4+ 31 MeV

2,4(2040) DECAY MODES Fraction (I';/T) p (MeV/c)

KK seen 870

ata a0 seen 977
pT seen 844
f(1270) ™ seen 583

wmT T seen 822
wp seen 628

'r)TrO seen 920

7'(958) seen 764
f(2050) 16UPC) = ottt

Mass m = 2018 £ 11 MeV (S = 2.1)
Full width ' =237 + 18 MeV (S = 1.9)

74(2050) DECAY MODES Fraction (';/T) p (MeVjc)
ww seen 637
e (17.0+1.5) % 1000
KK (68F34)x1073 880
nn (2.140.8) x 1073 848
470 < 12 % 964

ap(1320) seen 567
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(2300) 16(UPCy = o2+ 1)

Mass m = 2297 + 28 MeV
Full width ' = 149 + 40 MeV

75(2300) DECAY MODES Fraction (';/T) p (MeVjc)
olog seen 529
KK seen 1037
Yy seen 1149
(2340) 16(UPCy = ot 2+ )

Mass m = 2339 + 60 MeV

Full width T = 319753 Mev
5(2340) DECAY MODES Fraction (I';/T) p (MeV/c)
[030) seen 573
nn seen 1033

(S=+1,C=B=0)

Kt =us, KO = ds, KO =ds, K~ =us, similarly for K*'s

K* 1UP) = 1(07)

Mass m = 493.677 + 0.016 MeV [Vl (S = 2.8)
Mean life 7 = (1.2380 4 0.0021) x 1085 (S = 1.9)
cr=3.712m
Slope parameter g [¥]
(See Particle Listings for quadratic coefficients and alternative
parametrization related to wn scattering)
K* — aEata— g= —0.21134 £ 0.00017

(6r — &)/ (g +8)=(-15x£22)x 1074

KE - 757070 g =0.626 + 0.007

(6r — &)/ (g +g)=(18+18)x107*

K% decay form factors [2-]
Assuming p-e universality
A (Kf5) = AL (Kg;) = (2.96 £ 0.06) x 1072
Mo(Kf3) = (1.96 £ 0.12) x 1072
Not assuming p-e universality
A (KE) = (2.96 £ 0.06) x 1072
A4 (Kf5) = (2.96 £ 0.17) x 1072

/\O(KIT3) =(1.96 + 0.13) x 1072
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Ke3 form factor quadratic fit
Ny (KE) linear coeff. = (2.48 + 0.17) x 1072
X' (KZ,) quadratic coeff. = (0.19 £ 0.09) x 102

K& |fs/fi] = (-03108) x 1072
K& |fr/fi] = (-1.2+£23) x 1072

Ky |fs/fi| = (02 £0.6) x 1072
Kis |fr/fe] = (=014 07) x 1072
KT — etwey |Fa+ Fy|=0.148 £ 0.010
Kt — ptu,y |Fa+ Fy|=0.165 + 0.013
Kt — etvey |Fa— Fy| < 0.49

Kt — ptuy,y |Fa— Fy|=—0241t00.04, CL = 90%
Charge Radius

(ry = 0.560 £ 0.031 fm
CP violation parameters

+ - _

A(K,,) = —0.02 £0.12
T violation parameters

Kt — aOuty, Pp=(-17+25)x1073

Kt — pfy,y  Pp=(-06+19)x1072

K+ — a0uty, Im(€) = —0.006 + 0.008

K™ modes are charge conjugates of the modes below.

Scale factor/ p
K+ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Leptonic and semileptonic modes
Kt = etu, (155 £0.07 ) x 10 247
Kt — ptu, (63.54 +0.14 ) % S=1.3 236
Kt — n%ty, ( 5.08 £0.05 ) % s=2.1 228
Called K 5.
Kt — aOuty, (335 £0.04 )% s=1.9 215
+
Called K“3.
Kt — 7970ety, (22 +04 )x1075 206
Kt — atr ety (4.09 £0.10 ) x 1075 203
Kt — ata=uty, (14 £09 )x107° 151
Kt — 797070t ,, < 35 x 1076 CL=90% 135
Hadronic modes
Kt — zta0 (20.68 +£0.13 ) % S=1.6 205
Kt — 7t a0z0 ( 1.76140.022) % s=11 133
Kt — atata— (559 +£0.04 )% S=1.5 125
Leptonic and semileptonic modes with photons
Kt — ptu,y vzl (62 +08 )x103 236
KT — ut VH'y(SD"') [a,aa] < 3.0 x1075  CL=90% -
Kt — ut VHW'(SD'*'INT) [a,2a) < 2.7 x1075  CL=90% -
Kt — ut vy (SD™ + [a,2a] < 2.6 x10~4  CL=90% -
SDINT)
KT — etTwvey(SDT) [a,2a] (152 +0.23 ) x 1073 -
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K+
Kt
K+
K+
K+

Ll

=
+
R

K+
K+

Kt
Kt
K+

R A

et vey(SD) [a,aa]
et yay [y2]
7rg et vev(SD) [a,aa]
0 M+ vuy lyz]
w0n0et ey

< 16 x 104
(256 +£0.16 ) x 104
< 53 x 107
(15 +04 )x107°
<5 x 1076

Hadronic modes with photons or £ pairs

7T+7r0'y

+0.15 ) x 1074
+0.7 )x1076

(275
(43

(76 58 )x1076
+0.31 ) x 1074
+0.32 ) x 1076

x 104

+0.13 ) x 1078

( 1.04
(110
< 10

(1.19

Leptonic modes with £Z pairs

(14|
7t 70~ (DE) [z,bb]
mtr0n0y [y.2]
atata~ y [vz]
oy (2]
3y [2]
atete o'
et VeVU
p+ v, vy
etveete
/ﬂ“ vy, ete~
etveptp~
phrvpt

< 6 x 1073
< 6.0 x 1076
(2.48 +0.20 ) x 1078
(7.06 £0.31 ) x 1078
(17 +05 )x10~8
< 41 x10~7

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

Lepton Family number (LF), Lepton number (L), AS = AQ (SQ)

=
+
T A e e A

atat € Ve SQ
atat wovy SQ
ntete s1

at u+ I S1

atvw S1
atlvp S1

u vetet LF

ptve LF o [d]
nt ;ﬁ' e LF

nt no et LF

T u+ et L
n-etet L

T ;ﬁ' ;¢+ L [d]
ptoe L [d]
nlet Ve L

at y [ec]

< 12 x 108
< 3.0 x10—©
(288 +£0.13 ) x 107

(81 +1.4 )x10-8
(15 T3 )x10-10
< 43 x 1075
< 2.0 x10~8
< 4 x 1073
< 13 x 1011
< 52 x 1010
< 5.0 x 1010
< 6.4 x10~10
< 3.0 x 1079
< 33 x 1073
< 3 x 1073
< 23 x 1079

violating modes, or AS = 1 weak neutral current (S1) modes

CL=90%
CL=95%

S=2.7

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

228
228
215
206

205
205

133

125
227
227
227

247
236
247
236
223
185

203
151
227
172

227

205
236
236
214
214
214
227
172
236
228
227

KO

50% Ks, 50% K|

Mass m = 497.614 + 0.024 MeV
me+ = 3.937 & 0.028 MeV (S=1.8)

mKo —

Mean Square Charge Radius

10P) = 3(07)

(S =16)

{r?) = —0.077 £ 0.010 fm?

T-violation parameters in K9-K° mixing (*]
Asymmetry At in KO-K? mixing = (6.6 + 1.6) x 103
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CPT-violation parameters [x]
Red = (23+27)x107*
Im ¢ = (0.4 +£2.1)x107°
Re(y), K.3 parameter = (0.4 + 2.5) x 1073
Re(x_), Kez parameter = (—2.9 & 2.0) x 1073
|myo — M| / Maverage < 8 x 10719, CL = 90% [dd]
(rKO - rRO)/maverage =(8+8)x 10718
Tests of AS = AQ
Re(xy), Kez parameter = (—0.9 + 3.0) x 1073

K3 1Py = 3(07)

Mean life 7 = (0.8953 & 0.0005) x 10710 s (S =1.1) Assuming
CPT

Mean life 7 = (0.8958 = 0.0005) x 10710 s Not assuming CPT
cr = 2.6842 cm  Assuming CPT

CP-violation parameters [¢¢]
Im(n4_o) = —0.002 % 0.009
Im(ngeg) = (—0.1 £ 1.6) x 1072
[nooo| = |A(KE — 3n%)/A(KY — 3x0)| < 0.018, CL = 90%
CP asymmetry Ain ¥ n~ete™ = (-1 + 4)%

p
K% DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic modes
7070 (30.69+0.05) % 209
rta~ (69.204:0.05) % 206
ata— 0 (35 t11)x10-7 133
Modes with photons or £Z pairs
atr— ] ( 1.79£0.05) x 10—3 206
ntn-ete ( 4.69+0.30) x 10> 206
0y [ff] (49 +1.8 )x10~8 231
vy ( 2.71£0.06) x 106 249
Semileptonic modes
rEeFu, [gg] ( 7.04+0.08) x 10~4 229
CP violating (CP) and AS = 1 weak neutral current (SI) modes
3n0 cp < 12 x 10~7 90% 139
wtp= s1 < 32 x 1077 90% 225
ete~ s1 < 14 x 107 90% 249
nlete~ s [ (30 F15)x10-9 230

Ot s1 (29 15 )x1079 177
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K9 1Py = 3(07)

ITIKL — mKS

= (0.5292 4 0.0009) x 101 i s=1 (S =1.2) Assuming CPT
= (3.483 £ 0.006) x 10712 MeV  Assuming CPT
= (0.5290 + 0.0015) x 101 s~1 (S =1.1) Not assuming CPT
Mean life 7 = (5.116 + 0.020) x 108 5
cr = 1534 m
Slope parameter g []
(See Particle Listings for quadratic coefficients)
K9 — 7t 7 a0 g=0.678 £0.008 (S =1.5)
K, decay form factors [*]
Linear parametrization assuming p-e universality
A (K93) = Ay (K3;) = (282 £0.04) x 1072 (S = 1.1)
Mo(KY%3) = (1.38 £ 0.18) x 1072 (S =2.2)
Quadratic parametrization assuming u-e universality
Ny (K%3) = N (KQ3) = (240 £0.12) x 1072 (S = 1.2)
N (KDg) = X' (K23) = (0.20 £ 0.05) x 1072 (S = 1.2)
Ao(K93) = (1.16 £ 0.09) x 1072 (S =1.2)
Pole parametrization assuming pu-e universality
MY, (K%3) = M§, (K23) = 878 + 6 MeV (S = 1.1)
MY, (Kg3) = 12524+ 90 MeV (S = 2.6)
K9 Ifs/fi| = (1.571¢) x 1072
K% |fr/fe] = (573) x 1072

Koy fr/fy| = (12 £12)x 1072

KL — Y07y, Kp— 700~ oy = —0.205 +
0.022 (S =138)

KO — e+, KO — H= 00~ aprp = —1.69 +
0.08 (S=17)

K, — 7tn~ete : ay/ap = —0.737 £ 0.014 GeV?
K, — w02y ay = —05440.12 (S =2.8)

CP-violation parameters [¢€]

Ap = (0.332 £ 0.006)%
[noo| = (2.222 +0.012) x 1073 (S =1.7)

[n4—| = (2.233 £0.012) x 1073 (S =1.7)

le| = (2.229 £ 0.012) x 1073 (S =1.7)

700 /74| = 0.9951 = 0.0008 ["] (S = 1.6)
Re(€' /) = (1.65 + 0.26) x 1073 [l (S = 1.6)
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Assuming CPT
¢y = (4351 +£0.05° (S=1.1)
Goo = (43.52 £ 0.05)° (S =1.1)
be=dsw = (4351 + 0.05)° (S = 1.1)
Not assuming CPT
by = (43.4£07)° (S=13)
doo = (43.7 £0.8)° (S=1.2)
b = (435 4+ 0.7)° (S =1.3)
CP asymmetry Ain K) — ntr—ete™ = (13.7 £ 1.5)%
Bep from K¢ — ete~ete” = —0.19 £ 0.07
vcp from K} — eteete™ =0.01+£011 (S=1.6)
jfor K9 — at7=x% = 0.0012 + 0.0008
ffor K — a7~ =0 =0.004 = 0.006
|n4—~| = (2.35 £ 0.07) x 1073
by = (44 £ 4)°
€, |/e < 0.3,CL=90%
|gp1] for K¢ — 7t7=y < 021, CL = 90%
T-violation parameters
Im(¢) in KDz = —0.007 £ 0.026
CPT invariance tests
doo — ¢4— = (0.2 +0.4)°
Re(%'r/+_ + %7/00)7ATL =(-3+35)x10°°
AS = —-AQin K% decay

Re x = —0.002 & 0.006
Im x = 0.0012 + 0.0021

Scale factor/ p
K?_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes
teFu, [gg] (40.55 +0.12 ) % S=1.8 229
Called K.
Ty, leg] (27.04 +0.07 ) % s=1.1 216
Called KO;.
(mpatom)v (1.05 +0.11 ) x 10~ 7 188
OrfeFy [gg] (5.20 £0.11 ) x 10~5 207
rteFrete [gg] (1.28 £0.04 ) x 10~5 229

Hadronic modes, including Charge conjugation x Parity Violating (CPV) modes

370 (19.52 +£0.12 ) % S=17
ata a0 (12.54 +0.05 ) %

atr~ CPV  [il] ( 1.96640.010) x 10~3 S=1.6
7070 cPV (8.65 £0.06 ) x 104 5=1.8

Semileptonic modes with photons
et ey ggil ( 3.80 £0.08 ) x 103
T vy (5.65 +£0.23 ) x 1074

e

139
133
206
209

229
216
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Hadronic modes with photons or £ pairs

a0m0n < 56 x 1076 CL=90% 209
ata Ty nil (415 +0.15 ) x 1075 5=2.8 206
7t 7~ ~(DE) (284 £0.11 ) x 1075 $=2.0 206
702y ] (1.32 +£0.14 ) x 10~6 5=36 231
mOvyete (1.62 £0.17 ) x 10~8 230
Other modes with photons or £Z pairs
2y ( 5.47 +0.04 ) x10~4 $=1.2 249
3y < 24 x 1077 CL=90% 249
ete (950 £0.35 ) x 106 s=1.7 249
wtp=y (359 +£0.11 ) x 107 s=1.3 225
ete vy il (595 £0.33 )x 107 249
wt Ty W (1o *58 yx10-8 225

Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes

whu~ s1 ( 6.84 £0.11 ) x 1079 225
ete~ s1 (9 *& Hxwo12 249
rtaete~ S1 [H] (311 £0.19 )x10~7 206
a0nlete s1 < 6.6 x1079  CL=90% 209
utu—ete s1 (269 +£0.27 ) x 1072 225
eteete” s1 (356 £0.21 ) x 108 249
Outp~ CP,S1[kk] < 3.8 x 10710 cL=90% 177
nlete CP,SI [kk] < 2.8 x 10710 cL=90% 230
vy cP,S1 [ < 21 x 1077 CL=90% 231
Olvw s1 < 47 x 1075 CL=90% 209
et ¥ LF  [gg] < 47 x 10712 cL=90% 238
et et T uF LF  [gg] < 412 x 10711 CcL=90% 225
w0 puteF LF  [gg]l < 62 x 1079 CL=90% 217
K*(892) 1Py = 307)

K*(892)* mass m = 891.66 + 0.26 MeV

Mass m = 895.5 + 0.8 MeV

K*(892)° mass m = 896.00 & 0.25 MeV (S = 1.4)
K*(892)* full width I = 50.8 + 0.9 MeV

Full width I = 46.2 + 1.3

K*(892)° full width I = 50.3 4+ 0.6 MeV (S = 1.1)

p
K*(892) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Km ~ 100 % 289
KO~ ( 231+020) x 10~3 307
KE~ ( 9.9 £0.9 )x10~% 309

Krm < 7 x10~4 95% 223
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K1(1270) 1Py = 3at)

Mass m = 1272 + 7 MeV 1l
Full width I = 90 =+ 20 MeV [l

K;(1270) DECAY MODES Fraction (I';/T) p (MeV/c)
Kp (42 +£6 )% 45
K(1430) (28 +4 )% i
K*(892)m (16 +5 )% 302
Kw (11.0+2.0) % T
K f(1370) (3.0£2.0) % T
v KO seen 539
K1(1400) 14P) = 3a+)
Mass m = 1403 + 7 MeV
Full width I = 174 + 13 MeV (S = 1.6)
Ky (1400) DECAY MODES Fraction (I';/T) p (MeVyc)
K*(892)m (94 46 )% 402
Kp (3.0£3.0)% 292
K fp(1370) (2.0£2.0) % i
Kw ( 1.0£1.0) % 284
K(1430) not seen f
v KO seen 613
K*(1410) 1UP) = 3(17)
Mass m = 1414 £+ 15 MeV (S =1.3)
Full width I = 232 + 21 MeV (S = 1.1)
p
K*(1410) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
K*(892)m > 40 % 95% 410
Kr (6.6+1.3)% 612
Kp <7 % 95% 305
v KO seen 619
K3 (1430) [l 1P) = 3(01)
Mass m = 1425 + 50 MeV
Full width ' = 270 4+ 80 MeV
Ka(1430) DECAY MODES Fraction (I;/T) p (MeV/c)
Kn (93+£10) % 619
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K3(1430)

1JP) = L2h)

K3(1430)* mass m = 1425.6 = 1.5 MeV (S = 1.1)
K3(1430)° mass m = 1432.4 + 1.3 MeV

K3(1430)* full width I =

98.5 £ 2.7 MeV

(S =1.1)
K35(1430)° full width I = 109 & 5 MeV (S = 1.9)

Scale factor/ p
K;(1430) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kn (49.9+1.2) % 619
K*(892)m (24.7£15) % 419
K*(892)mm (13.4+2.2) % 372
Kp (8.7+0.8) % S=1.2 318
Kw (2.9+0.8) % 311
Kt~y ( 2.4+05) x 103 s=1.1 627
Kn (15+38yx 103 5=13 486
Kwm < 72 x 104 CL=95% 100
KO~ <9 x 10~4 CL=90% 626
* Py _ 1/—
K*(1680) 1UP) = 3(17)
Mass m = 1717 + 27 MeV (S = 1.4)
Full width ' = 322 4+ 110 MeV (S = 4.2)
K*(1680) DECAY MODES Fraction (I';/T) p (MeV/c)
Km (38.7£2.5) % 781
Kp @Eratil) gy 570
K*(892) (29.9+22) % 618
Ka(1770) o] 1UP) = 3(27)
Mass m = 1773 + 8 MeV
Full width ' = 186 + 14 MeV
K5(1770) DECAY MODES Fraction (I;/T) p (MeV/c)
Krm 794
K3(1430) 7 dominant 288
K*(892) 7 seen 654
K f,(1270) seen 55
Ko seen 441
Kw seen 607
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K3(1780) 1P = 337)
Mass m = 1776 £ 7 MeV (S = 1.1)
Full width ' = 159 + 21 MeV (S = 1.3)
p
K;(1780) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Kp Bl £9 )% 613
K*(892)m (20 £5 )% 656
Kn (18.8+ 1.0) % 813
Kn (30 +£13 )% 719
K3(1430) < 16 % 95% 291
K»(1820) [o°] 1UP) = 127)
Mass m = 1816 + 13 MeV
Full width ' = 276 + 35 MeV
K5(1820) DECAY MODES Fraction (I;/T) p (MeV/c)
K3(1430)7 seen 327
K*(892)m seen 681
K £,(1270) seen 186
Kw seen 638
K?%(2045) 10F) = 341)
Mass m = 2045 + 9 MeV (S = 1.1)
Full width ' = 198 £+ 30 MeV
K73(2045) DECAY MODES Fraction (I';/T) p (MeV/c)
Kn (9.9+1.2) % 958
K*(892) (9 +£5 )% 802
K*(892)mmrm (7 £5 )% 768
pKm (5.7£3.2) % 741
wKm (5.0+3.0) % 738
oKT (2.8+£1.4) % 594
P K*(892) (1.4+0.7) % 363
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CHARMED MESONS
(C= +1)

Dt =cd, D% = cu, D° = cu, D~ =¢d, similarly for D*'s

D* 1(4P) = L(07)

Mass m = 1869.62 & 0.20 MeV (S = 1.1)
Mean life 7 = (1040 + 7) x 10715 s
cr = 311.8 um

c-quark decays

[(c — ¢*anything)/T(c — anything) = 0.096 + 0.004 [PP]

M (¢ — D*(2010)" anything)/T(¢ — anything) = 0.255 & 0.017
CP-violation decay-rate asymmetries

Acp(K%7) = —0.009 =+ 0.009

Acp(KT2n%) = —0.005 + 0.010

Acp(KF rE 7% 70) = 0.010 + 0.013

Acp(K% 7t 70) = 0.003 + 0.009

Acp(K3ntrta~) =0.001 &+ 0.013

Acp(KS K*) = 0.07 £ 0.06

Acp(KT K~ m%t) = 0.006 + 0.007

Acp(K* K*0) = 0.005 + 0.017

Acp(¢pm®) = —0.001 + 0.015

Acp(rtn~nt) = —0.02 + 0.04

Acp(KSKEatr7) = —0.04 £ 0.07

T-violation decay-rate asymmetry
Ar(KYIK*rta~) = 0.02 + 0.07

Dt — K*(892)° ¢+ vy form factors

r, = 1.62+0.08 (S=1.5)

r = 0.83 £ 0.05

s =00+04

I'L/FT =1.13 £ 0.08

|'+/|—, =0.22+0.06 (S=1.6)
Most decay modes (other than the semileptonic modes) that involve a neutral
K meson are now given as KOS modes, not as KO modes. Nearly always it is
a Kg- that is measured, and interference between Cabibbo-allowed and dou-
bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(K%) =

r(K9).
Scale factor/ p
Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
et anything (16.0 £0.4 )% -
K~ anything (25.7 £1.4 )% -
KOanything + K%anything (61 +5 )% -
K™ anything (59 £0.8)% -
K*(892) anything (6 £5 )% -
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K*(892)%anything (23 45 )% -
K*(892)% anything < 66 % CL=90%

. - ° B
n/anythmg (63 £07)% -
n anyth_mg (1.04+0.18) % -
¢ anything ( 1.03+0.12) % -

. Leptonic and semileptonic modes
e+1/e < 24 x 1075 CL=90% 935
M+ Y (44 +£07)x1074 932
T U -
Woely < 21 x 1073 90
e e (8.6 05 )% 869
K—M +l/#+ (93 +08)% s=1.1 865
Ttety,
7*(892)Oee+y (41 406 )% s=1.1 864
¢ e, ( 3.66+0.21) % 722
K*(892)% — K—x+t
K- ntet
K_W+7r +e Ve nonresonant <7 x 1073 CL=90% 864
-z n Iéu+ (3.9 £05)% 851
_(892) wr vy, (36 £03)% 717
K*(892)0 — K~ =t
K=ot ut v, nonresonant (21 £05)x1073 851
K=rtalutu, < 16 -3 9
0 . x 10 CL=90% 825
m e (4.4 407 )x1073 930
p0e+ue (22 +£04 )x103 774
P i Uy (24 £04)x103 770
wetwy 0.7 -
- e (1.6 T5-L)x103 771
e
0 +11//e < 201 % CL=90% 657
;L+ u < 2.04 % CL=90% 651
Z/(Qfl)jé)u+y <7 x 1073 CL=90% 855
" < 11 % CL=90% 684
Fractions of some of the following modes with resonances have already
. agpeared above as submodes of particular charged-particle modes.
* +
%ggg?oeﬁ ( 5.49+0.31) % S=1.2 722
Ko ) (/)L +uu (54 +£04)% S=1.1 717
_2( 430)0 M+ vy < 25 x 1074 380
K*(1680)° ut v, < 15 x 1073 105
ot Hadronic modes with a K or KKK
KUSTF+ ( 1.4540.04) % S=1.3 863
LT ( 1.46+0.05) % 863
K- ntnt o,
et . [gq] ( 9.22+40.21) % s=1.1 846
(K ™ )Os,i,avew ( 7.54£0.26) % 846
KJ§92) 75 , (1.22+40.09) % 714
_K*(892)° — K~ xt
* 0, .+
K%(jaiogo)g , . [rr] (3.0 +0.8)x10~4 371
> — K™
TO* 0+
K*(1680)° 7, [r] (1.6 £0.6 )x 1073 58
. K*(1680)° —» K-t
+..0
KS;;B 7Jrr [qq] (6.8 £05 )% S=1.9 845
7*5(,292 o (4.6 £1.0 )% 677
(¢ ) 75 , (1.3 £06 )% 714
K*(892)° — K30
Kf(gf++7r°0nonresonant (9 +7 )x1073 845
atate [qq] ( 6.00+0.20) % S=1.2 816
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K*(892)% p* total,
K*(892)° — K—at
K1(1400)0 7,
K1(1400)° — K~ 7t 70
K~ ptattotal
K~ pt 7t 3-body
K*(892)0 nt 70 total,
K*(892)° — K—nxt
K*(892)0 nt 70 3-body,
K*(892)° — K-t
K*(892)~ nt wt 3-body,
K*(892)~ — K—n0
K~ nt 7t 70 nonresonant
Kg71'+ atar~
K% a1 (1260) 7,
a;(1260)T — atrtr
K1(1400)0 77,

K1(1400)0 — KQmta—

K*(892)~ 7t 7t 3-body,
K*(892) — K%~
K%pow"' total
K% p07+ 3-body
K% nt a7~ nonresonant
K= 3ntn™
K*(892)0 7t 7t 7,
K*(892)° — K—nat
K*(892)0 07,
K*(892)° — K—nt
K= p0xtat
K~ 37t 7~ nonresonant
K+2KY
KtK=KYrx+t

(13 +£08)%

(1.8 £0.7 )%

(29 T35)%
(1.0 £04 )%
(42 206 )%

(27 £08)%
(6 +3 )x1073

[ss] (1.1 £05 )%
lgq] ( 3.02+0.12) %
(18 03 )%

(1.8 0.7 )%
(13 £06)%

(1.8 +£06)%

(21 £22)x1073

(36 £1.8 )x1073
[gq] (5.6 £05 )x 1073
(12 04 )x1073

(23 +£0.4 )x1073

x 1073
x10~4
x 103
x 10—4

( 1.69+0.28
(39 +29
(45 2.1
(23 +05

Fractions of some of the following modes with resonances have already

appeared above as submodes of particular charged-particle modes.

K a;(1260)* (35 £06)%

K% ay(1320)* < 15 x 1073

K*(892)° p* total [ss] (20 £12)%
K*(892)0 pt S-wave [ss] (15 +15)%
K*(892)0 pt P-wave <1 x 1073
K*(892)0 pt D-wave (9 +6 )x1073
K*(892)0 pt D-wave longitudi- <7 x 1073

nal

Ky (1270)0 7+ <7 x10~3

K1(1400)0 7t (38 £1.3)%

K*(892)0 nt 70 total (6.3 +08)%

K*(892)0 nt 70 3-body
K*(892)~ nt 7t total

K*(892)~ nt 7t 3-body
K*(892)0 a; (1260)+

[ss] (40 £1.2 )%
(1.4 £09)%
1 +£18)x1073

Pionic modes
( 1.2440.07) x 1073
(3.21+0.19) x 1073

CL=90%

CL=90%

CL=90%

CL=90%

422

390

613

613
690

690

688

816
814
328

390

688

611
611
814
772
645

524
772
545
436

329
200
422
422
422
422
422

487
390
690
690
689
689

925
909
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POt (82 +£1.5)x 1074 767
7T (7T 77) s—wave ( 1.80+0.16) x 103 909
ont,o— ata~ (1.35+£0.12) x 1073 -
(980) 7t (1.5440.33) x 1074 669
f(980) — wtm
f(1370) 7t (8 +4 )x1073 -
f(1370) — =t x
f(1270) 7+ (5.0 0.9 )x 1074 485
£ (1270) — =t
p(1450)0 7t < 8 x1075  CL=95% 338
p(1450)° — 7t g
f(1500) 7+, (1.1 +04 )x107% -
f(1500) — =+
fo(1710) 7t <5 x1075  CL=95% -
f(1710) — =+
fo(1790) 7+ < 6 x 1073 CL=95% -
(1790) — =+
(Tt 7) s _wave ™ < 12 x1074%  CL=95% 909
atat 7~ nonresonant < 11 x 1074 CL=95% 909
nt 20 (46 +£04)x1073 910
atat a0 (1.14£0.08) % 883
nrt,n— ata 70 (7.7 £0.7 ) x10~4 848
wrt,w— ata— 70 <3 x 1074 CL=90% 763
3rton~ ( 1.63+0.16) x 103 s=1.1 845
Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.
nat ( 3.3940.29) x 10—3 848
wrt < 34 x 10~4 CL=90% 764
npt < 7 x1073  CL=90% 655
7'(958) (5.1 +£1.0 )x 1073 681
7'(958) p <5 x1073  CL=90% 349
Hadronic modes with a KK pair
K+ KY ( 2.8940.17) x 10~3 793
KtK—nt [gq] ( 9.634+0.31) x 10—3 S=13 744
ort, ¢ - KTK™ ( 3.06£0.34) x 103 647
K+ K*(892)°, ( 2.9040.32) x 1073 613
K*(892)0 — K~ =t
K+ K3 (1430)0, K;5(1430)0 — (3.6 +0.4 )x 1073 -
K7
KYK7t — 741
K*(892)* K2, (53 +2.3 )x 1073 611
K*(892)t — K%nt
KtK=ztz0 — 682
ontrd, ¢ — KTK— (1.1 £05)% 619
t,6— KTK™ <7 x 103 CL=90% 258
Kt K= nt7%non-¢ (15 F37y% 682
KtKintn ( 169j:018)><10 3 678
K K= mtat ( 2.3240.18) x 10~3 678
KtK—rntatna~ (23 +1.2)x1074 600
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Fractions of the following modes with resonances have already appeared

above as submodes of particular charged-particle modes.

ont (6.2 £07 )x1073 647
ont 70 (23 +£1.0)% 619
épT < 15 % CL=90% 259
K+ K*(892)° (44 +05)x1073 613
K*(892)* K (16 £07 )% 612
Doubly Cabibbo-suppressed modes
Kt 70 ( 2.37+£0.32) x 1074 864
Ktrtzo— (62 +£0.7 ) x10~4 846
Kt p0 (2.4 £0.6 )x 1074 679
K*(892)0 7+, K*(892)0 — (29 £06 )x 104 714
Ktrn—
K+ 1,(980), £,(980) — =t x~ (5.6 +3.4)x1075 -
K3(1430)%7F, K3(1430)° — (5.0 +£3.4 )x10"5 -
Ktn~
KtKT K~ (87 £2.0)x1075 550
AC = 1 weak neutral current (C1) modes, or
Lepton Family number (LF) or Lepton number (L) violating modes
atetes ] < 74 x 1076 CL=90% 930
atg, ¢ — ete (1] (27 £38)x10-6 -
atutu~ c < 39 x 1076 CL=90% 918
ptutu~ c1 < 56 x10~4 CL=90% 757
Ktete™ [uu] < 6.2 x 1076 CL=90% 870
Ktutu~ [uu] < 9.2 x 1076 CL=90% 856
at et F LF  [gg] < 3.4 x107%  CL=90% 927
KteE T LF  [gg]l < 68 x1075  CL=90% 866
aetet L < 36 x 1076 CL=90% 930
- pt ot L < 48 x1076  CL=90% 918
netut L < 5.0 x1075  CL=90% 927
p-ptut L < 56 x 1074 CL=90% 757
K~ etet L < 45 x 1076 CL=90% 870
K= utpt L < 13 x1075  CL=90% 856
K=etput L < 13 x 1074 CL=90% 866
K*(892)~ pt ™ L < 85 x 1074 CL=90% 703
DO 1Py = 5(07)

Mass m = 1864.84 + 0.17 MeV (S =1.1)
Mpe — Mpo =478 £0.10 MeV (S = 1.1)
Mean life 7 = (410.1 + 1.5) x 10713 s
cr = 122.9 ym
}mD? - ng| = (2.37+088) x 1010 f 51
(Fpg = Tpg)/T =2y = (156 83¢) x 1072
la/p| = 0.86 + 0.31
Ar = (1.4 +£27)x 1073
r(K*t ¢, (via D°))/I(K~ ¢t v;) < 0.005, CL = 90%
F(K*7via D°)/T(K~n%) < 4.0x107% CL = 95%

F(KYxta~in D® — DO)/r(KYxta~) < 0.0063, CL = 95%
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CP-violation decay-rate asymmetries
Acp(KTK™) = (0.1 £05)x 1072 (S =1.4)
Acp(KYKY) = -0.23£0.19
Acp(rTn™) = (0.0 + 0.5) x 1072
Acp(n®7%) = 0.00 + 0.05
Acp(rt 7~ 70) = 0.004 + 0.013
Acp(K%¢) = —0.03 £ 0.09
Acp(K270) = 0.001 + 0.013
Acp(KFxE)in DO — K—7t, DY - Ktx~ = —0.004 + 0.010
Acp(KExF) = 0.022 + 0.032
Acp(KT 7% 7%) = 0.002 £ 0.009
Acp(KExF79) = 0.00 + 0.05
Acp(KSntn™) = —0.00975:028
Acp(K*(892)F 7t — K%W+7T7) in D0 — K*7t, D0 —
K*t 7~ < 35x 1074 CL = 95%
Acp(K*(892)*nF — K&ztr~)in D® —» K*+7~, D0 —
K*~nt < 7.8x 1074 CL = 95%
Acp(K%p® — K3at77)in DO — KOp0, D0 — KOp0 < 4.8 x
1074, CL = 95%
ACP(K%w — K057r+7r7) in D0 — KO, D - KOw < 9.2 x
1074, CL = 95%
Acp(K%1(980) — K%xta~)in DO — KO£ (980), D° —
K%£,(980) < 6.8 x 1074, CL = 95%
Acp(KY5(1270) — K%ntn~)in D® — KOfy(1270), D° —
K%£(1270) < 13.5x 1074, CL = 95%
Acp(K%1(1370) — K&zt n~)in DO — KO£(1370), DO —
KO£(1370) < 25.5x 1074, CL = 95%
Acp(K5(1430)F 7 — KGat7r™)in DO — K;(1430) =™,
D® — Kj(1430)t7~ < 9.0 x 1074, CL = 95%
ACP(K;(1430);7ri — K057r+7r7) in DY — K3(1430)~ 7+,
DY — K3(1430)*7~ < 6.5 x 1074, CL = 95%
Acp(K*(1680)F 7% — KGat7r~)in DO — K*(1680) =™,
D° — K*(1680)t 7~ < 28.4 x 1074 CL = 95%
Acp(K-ntztz7)in D - K- atztz=, D% - Ktz 7n— ot
= 0.007 + 0.010
Acp(KErFrtn—) = —0.02 + 0.04
Acp(KtK—ntn™) = —0.08 + 0.07
T-violation decay-rate asymmetry
Ar(KtK=7t77) = 0.01 £ 0.07
CPT-violation decay-rate asymmetry
AcpT (KT 7%) = 0.008 + 0.008

Most decay modes (other than the semileptonic modes) that involve a neutral
K meson are now given as K% modes, not as KO modes. Nearly always it is

0
a KS
bly Cabibbo-suppressed modes can invalidate the assumption that 2 F(Kg) =

r(K9).

that is measured, and interference between Cabibbo-allowed and dou-

Scale factor/ p
DO DECAY MODES Fraction (T';/T) Confidence level (MeVc)
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Topological modes

0-prongs [w] (15 +6 )%
2-prongs (711 6 )%
4-prongs [ww] (146 +05 )%
6-prongs (12 T3 )x10-3
Inclusive modes
et anything Px] (653 £0.17 )%
T anything (67 +06 )%
K~ anything (54.7 +£28 )%
KOanything + K%anything (47 x4 )%
K™ anything (34 404 )%

K*(892)~ anything
K*(892)%anything
K*(892)* anything
K*(892)0 anything
n anything
1’ anything
¢ anything

K~ et v,

K=t vy
K*(892)" et ve
K*(892)~ pt v,
K= n%et v,
KOr— et Ve

K- ata~etu,

K1(1270)" et v,

K-ata—pt Yy

(K*(892)m)~ ptw,

net Ve
™ uty,
petve

K=t
i
sTmw
K%po
K%w,w—» m
K% 5(980),

7(980) — mta~

K% £(1270),

£(1270) — 7t 7~

K% £,(1370),

f(1370) — 77~

K*(892)~ 7+,

tr

1 +9 )%
(9 4 )%
< 36 %
(28 +13 )%
(95 +09 )%
(248 +£027 )%
(105 £0.11 )%

Semileptonic modes
(3.58 £0.06 ) %
(331 £013 )%
(218 £0.16 )%
(2.01 £0.25 )%

(16 T332 )%

(27 99 )%

07
(28 *t1 yx104
42
31

(76 T ) x 10—4
< 12 x 1073
< 14 x 1073

(283 £0.17 ) x 1073
(237 £0.24 )x10~3
(1.9 +04 )x103

Hadronic modes with one K
(13.89 £0.05 )%
(1.22 £0.06 )%
(10.0 +0.7 )x 1073

[aq] (299 £0.17 )%
(77 T9% )x10-3
(22 +06 )x1074

(140 £339 ) <1073

(13 T332 )x10~*

(25 38 )x10-3

(1.97 £0.13 )%

K*(892)~ — K%n~

CL=90%

S=1.1

CL=90%
CL=90%

S=1.1
S=1.2

867
864

719
714

861

860

843

498

821
692
927
924
771

861
860
860
842

674
670
549

262

711
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K*(892)Fn~, K*(892)" — [l (10 I3 )xi07* 711
KQnt ’
S
Ki(1430)~ 7, (29 57 )x10-3 378
K3(1430)~ — K%n~
K3(1430)" 7+, (33 22 jx1074 367
K3(1430)™ — K%7~
K*(1680)~ 7, (7 8 )xw? 46
K*(1680)~ — K%n~
K% nF 7~ nonresonant (27 %1 )x10-4 842
K—atz0 lgq] (139 £05 )% S=16 844
K= pt (108 +£0.7 )% 675
K~ p(1700)7, (7.9 +17 )x1073 t
p(1700)T — 7t 70
K*(892)~ nt, (222 7338 )% 711
K*(892)~ — K~ 0 )
K*(892)0x70, (1.88 £0.23 )% 711
K*(892)° — K—xt
K3(1430)~ 7, (46 +21 )x1073 378
K35(1430)" — K~ 70
?3_(1430)0 70, (57 12 )x1073 379
K3(1430)° — K=t
K*(1680)~ 7, (1.8 +07 )x1073 46
K*(1680)~ — K~ x°
K—nt 79 nonresonant (111 T353 )% 844
K% n0r0 — 843
K*(892)0x0, (67 *18 yx10-3 711
K*(892)° — K%70 '
K% 7070 nonresonant (45 +11 )x10~3 843
K- rtratza~ [gq] ( 8.10 £0.20 ) % S=1.3 813
K=zt pOtotal (6.76 +£0.33 ) % 609
K= x+ p03-body (51 +23 )x1073 609
K*(892)° 0, (1.00 +£0.22 ) % 416
K*(892)° — K—at
K~ ay(1260)T, (36 +06 )% 327
a1(1260)" — 7t ata~
K*(892)° 7+ n~ total, (15 +04 )% 685
K*(892)° — K—xt
K*(892)° 7+ 7~ 3-body, (97 +21 )x1073 685
K*(892)° — K—nxt
K1(1270)~ 7, [ss] (29 +03 )x1073 484
K(1270)~ — K~ ntza—
K~ 7t 7t 7~ nonresonant (1.88 +0.26 ) % 813
Kinta= 70 lgq] (54 +06 )% 813
Kin,m— ataad (86 +14 )x10~4 772
Kiw, w— ata=x0 (98 +18 )x1073 670
K*(892)~ pt, (21 +08 )% 416
K*(892)" — K%n~
K1(1270)~ 7+, [ss] (22 +06 )x1073 484

Ki(1270)~ — K37~ 70
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K*(892)0 7+ 7~ 3-body,
K*(892)0 — K%x0
K% nt 7~ 7%nonresonant
K- atata—#0
K*(892)0nt = 0,
K*(892)° — K—xt
K rntw,w— ata 7
K*(892)0w,
K*(892)° — K~ xt,
w— ata a0
Kgmro
K% 20(980), 29(980) — n7°
K*(892)%n, K*(892)0 —
KOSTrO
K% ort2r
KYpPat =, noK*(892)~
K*(892)~ntrtn—,
K*(892)~ — K%7~, no
0

0

P
K*(892)~ p07t, K*(892)~ —
0 —

S’]T
K% 27+ 27~ nonresonant
K~ 3rt2n—

(24
(11

(42
(12

< 13

+0.5

+1.2
+0.4
+0.6

+0.5
+2.4

+1.2
+2.1
+0.5

yx 1073

)%
)%
) %

) %
)><1073

) x 10-3
yx 1073
)x 1073

+0.31 ) x 1073

+0.7
+8

+0.7

yx 1073
) x 104

) x 10-3

x 1073

(22 +06 )x1074

CL=90%

Fractions of many of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes. (Modes
for which there are only upper limits and K*(892) p submodes only appear

below.)

Kg n

K%w

K%n'(958)

K~ a1(1260)*

KO a;(1260)°

K~ a,(1320)*

K*(892)0 nt 7~ total
K*(892)0 7t 7~ 3-body

K*(892)0 0
K*(892)0 pOtransverse
K*(892)° p° S-wave
K*(892)0 p° S-wave long.
K*(892)0 p0 P-wave
K*(892)0 p% D-wave

K*(892)~ pt
K*(892)~ pT longitudinal
K*(892)~ p™ transverse
K*(892)~ pt P-wave

Kq(1270)~ 7t

K1(1400)~ 7t

K1(1400)0 70

K*(892)0 7t w0

K ntw
K*(892)%w

K~ nt 1/ (958)
K*(892)04(958)

(40
(113
(94
(78
< 19
< 2
(24
(153
(158
(16
(3.0
< 3
< 3
(21
(6.6
(32
(35
< 15
[ss] ( 1.15
< 12
< 37
(1.9
(30
(11
(75
< 11

+0.5

yx 1073

+0.20 ) %

+1.4
+1.1

+0.5

) x 10-3
) %

%

x 1073
) %

+0.34 ) %
+0.35 ) %

+0.6
+0.6

+0.6
+2.6
+1.3
+2.0

) %
) %
x 1073
x 1073
) %
) %
)%
) %
%

+0.32 ) %

+0.9
+0.6
+0.5
+1.9

%
%
) %
) %
) %
)><1073
x 1073

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

685

813
771
643

605
410

721

768

642

230

768
713

772
670
565
327
323
198
685
685
417
417
417
417
417
417
417
417
417
417
484
386
387
643
605
410

120
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Hadronic modes with three K's

KK+t K- (472 £0.32 ) x 1073 544
K% ag(980)°, '30 — KTK~ (31 +04 )x10~3 -
K~ a(980)T, af — KT K% (63 +£19 )x10~4 -
Ktap(980)~, ay — K~ KO < 12 x107%  CL=95% -
K% £(980), fy —» KtK~ < 1.0 x10~4  CL=95% -
Kip, ¢ — KTK™ (217 +0.15 ) x 1073 520
K% £(1400), f — Kt K~ (18 1.1 )x1074 -

3KY (96 +14 )x1074 539

KtK=K—rt (222 £032 ) x 104 434
Kt K~ K*(892)°, (44 1.7 )x1075 t

K*(892)° — Kzt
K nte, o — KTK™ (40 +17 )x107° 422
#K*(892)°, (1.06 £0.20 ) x 10~4 t
¢ — KtK—,
K*(892)° — Kzt
K+ K~ K~ 7t nonresonant (33 +15 )x107° 434
KYKYKEnT (63 +13 )x10~% 427
Pionic modes
atn™ ( 1.397+0.027) x 103 922
7070 (80 +08 )x10~4 923
rta— a0 (1.44 £0.06 ) % S=1.8 907
pta— (98 +04 )x10-3 764
pOr0 (3.73 £0.22 ) x 1073 764
p~ T (497 £0.23 ) x10~3 764
p(1450)+ ~, p(1450)* — (1.6 +20 )x107> -
p(1450)0 0, p(1450)° — (43 +19 )x1075 -
p(1450); 7wt p(1450)~ — (26 +04 )x10~4 -
/)(1700)+ =, p(1700)* — (59 +14 )x107* -
p(1700)0 0, p(1700)° — (7.2 +17 )x10~4 -
p(1700)vr+, p(1700)~ — (46 +11 )x1074 -
a0

£,(980) 70, £(980) — 7w~ (36 +08 )x1075 -

f,(600) 70, £,(600) — 7t a— (118 +£0.21 ) x 104 -

f5(1370) 70, £(1370) — (53 +£21 )x1075 -
T

f5(1500) 70, £,(1500) — (56 +15 )x10~5 -
rta~

f(1710)x°, £(1710) — (45 +15 )x107° -
T

£(1270) 70, £(1270) — (1.90 £0.20 ) x 10~4 -
rta~

at 7~ 7%nonresonant (1.21 £0.35 ) x 104 907

30 < 35 x10~4  CL=90% 908

21t on— (7.44 £0.21 )x 1073 S=1.1 880
a(1260)* 7, af — (447 +£031 ) x 1073 -

= xt total

a (1260t 7=, af — pOnt (322 +0.25 ) x 10~3 -
S-wave

a(1260)F 7, af — pOxt (1.9 +05 )x10~4 -

D-wave
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a1(1260) T 7, af' — ont

2p%total
2p0, parallel helicities

2p9, perpendicular helicities

00, longitudinal helicities

Resonant (7t 77 )7t
3-body total
onta~
(980t a~, fy — =
H(1270) 7t 7=, fh —

ata~
atr— 270
nm0

wn®

2rt2r— 70
nrt

wrtn

37t 37~

+

P

(62
(182
(82
(48
(125
(1.49

(61
(1.8
(36

( 1.00
[zz] (5.7
[zz] < 2.6
(42
[zz] < 1.9
[zz] (1.6
(42

+0.7 )x 1074
+0.13 ) x 1073
+32 )x1075
+0.6 )x1074
+0.10 ) x 1073
+0.12 ) x 1073

+09 )x1074
+05 )x1074
+0.6 )x1074

+0.09 ) %
+1.4 )x1074
x 104
+05 )x1073
x 1073
+05 )x1073
+12 )x1074

Hadronic modes with a KK pair

K+ K~
0
2KS
KYK= ot
K*(892)° KL, K*(892)°
K—rt
KK+ a™

K*(892)0 K%, K*(892)0 —

Ktn—

KtK— =0

K*(892)T K=, K*(892)1 —

K+ 70
K*(892)~ K, K*(892)~
K= 0
(K+70)57waveK7
(K_ﬂo)s—u)ach-'—
(98070, fy — KTK—
on®, ¢ — KTK—
K% KO
KtK—nt

¢mt 7~ 3-body, ¢ - KT K~

6p° o > KTK™
K+ K~ p%3-body

f(980)rt 7, fy — KTK—

K*(892)0 KF ni 3-body,
K*O
K*(892)° K*(892)° K*0 —
KErF

Kq(1270)* KF, K;(1270)*

KEnta~
K1(1400)i K:F K1(1400)*

(393

(38

(35
< 6

(27
< 3.0

(3.29
( 1.47

(5.1

(234
(13
(35
(61
< 59

[aaa] 2.43

(
(2
(7
(5
(3
[bbb] (2
(7
(8.0
(54

(130
< 15
(31

+0.08 ) x 1073
+0.7 )x1074
+05 )x1073

x 1074

+05 )x1073
x 104

+0.14 ) x 1073
+0.07 ) x 1073

+05 )x104

+0.17 ) x 1073
+04 )x1074
+0.6 )x1074
+0.6 )x1074

x 104
+0.12 ) x 1073
+24 )x107°
+0.6 )x1074
+7  )x107°
+09 )x104
+0.6 )x1074

+5 )x107°
+18 )x 1074
+12 )x1074

+0.24 ) x 1073
x 104
+20 )x1073

CL=90%

CL=90%

S=1.1
CL=90%

CL=90%

CL=90%

882
846
761
844
827
738
795

791
789
739
608

739
608

743

743
743

740
677
614
250
302

531

272

673
595
600
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Fractions of most of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.
0 (7.6 +05 )x10~% 645
on (14 +05 )x1074 489
dw < 21 x1073  CL=90% 238
Radiative modes

Oy < 24 x 1074 CL=90% 771
wy < 24 x 1074 CL=90% 768
oy (25 3L )x1075 654
K*(892)0y < 76 x10=4  CL=90% 719

Doubly Cabibbo suppressed (DC) modes or

AC = 2 forbidden via mixing (C2M) modes
K+ ¢~ wpvia DY < 18 x 1074 CL=90% -
K*orK*(892)* e~ Devia < 6 x107°  CL=90% -

o
Ktm— DC (1.48 £0.07 ) x 1074 861
K+ 7~ via DCS (1.31 +0.08 ) x10~4 -
K+ x~via D° < 16 x 1075  CL=95% 861
K%nta=in D® — DO < 19 x 1074 CL=95% -
K*(892)t 7, DC (10 F33 )x10—4 711
K*(892)* — K%rx+t

Ktn— 0 DC (3.05 +0.17 ) x 10~4 844
Kta~n0via DO < 8 x107%  CL=95% -
Kta—ntn— DC (262 T521 ) 1074 813
K*7~atnvia DO < 4 x10~4  CL=90% 812
4~ anything via D° < 4 x1074  CL=90% -

AC = 1 weak neutral current (C1) modes,

Lepton Family number (LF) violating modes, or
Lepton number (L) violating modes

vy c1 < 27 x1075  CL=90% 932
ete” 1 < 12 x 1076  CL=90% 932
utu~ c1 < 13 x107%  CL=90% 926
mlete~ c1 < 45 x 1075 CL=90% 928
Ot c1 < 18 x10~4  CL=90% 915
nete~ c1 < 11 x107%  CL=90% 852
npt T 1 < 53 x 1074 CL=90% 838
atr—ete c1 < 373 x1074  CL=90% 922
Plete c1 < 10 x10~4  CL=90% 77
rtauty 1 < 30 x 1075 CL=90% 894
Putu~ c1 < 22 x 1075 CL=90% 754
wete~ c1 < 18 x 1074 CL=90% 768
wptp ] < 83 x 1074 CL=90% 751
K- Ktete~ ] < 315 x 1074 CL=90% 791
pete™ c1 < 5.2 x107%  CL=90% 654
K=Ktutp~ c < 33 x 1075  CL=90% 710
dutp~ 1 < 31 x 1075 CL=90% 631
KOete— [u] < 11 x10~4  CL=90% 866
KOt p~ [u] < 26 x 1074 CL=90% 852
K-rtete c1 < 3.85 x 1074 CL=90% 861
K*(892)%¢t e~ lw] < 47 x1075  CL=90% 719
K=ntputu~ ] < 3.59 x 1074 CL=90% 829
K*(892)% ut i~ [u] < 2.4 x1075  CL=90% 700
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I T c < 81 x 1074 CL=90% 863
pteF LF  [gg] < 8.1 x10~7  CL=90% 929
w0et T LF  [gg]l < 86 x 1075 CL=90% 924
net ¥ LF  [gg]l < 1.0 x10~4  CL=90% 848
atr~ et T LF  [gg] < 15 x 1075 CL=90% 911
et T LF  [gg] < 4.9 x 1075 CL=90% 767
wet LF  [gg]l < 12 x 1074 CL=90% 764
K= Ktet T LF  [gg] < 18 x10~4  CL=90% 754
et T LF  [gg] < 3.4 x 1075 CL=90% 648
KO e® T LF  [gg] < 1.0 x 104 CL=90% 863
K=rtet T LF  [gg] < 553 x 104 CL=90% 848
K*(892)0 e+ 1 F LF  [gg] < 83 x 1073  CL=90% 714
r~n"etet + cc. L < 112 x1074  CL=90% 922
- ptut+ ce L < 29 x107%  CL=90% 894
K—n~etet+ cc. L < 2.06 x1074  CL=90% 861
K=m—utpt+cc L < 39 x 1074 CL=90% 829
K=K~ etet +cc. L < 152 x1074  CL=90% 791
K=K~ ptpt+ cc. L < 94 x 1075 CL=90% 710
o r etut+ cc. L < 79 x107%  CL=90% 911
K-n~etut+cc. L < 218 x 1074 CL=90% 848
K=K~ etut+ cc. L < 57 x107%  CL=90% 754
D*(2007)° 1Py = 3a7)
I, J, P need confirmation.

Mass m = 2006.97 &+ 0.19 MeV (S =1.1)

Mo — Mpo = 142.12 % 0.07 MeV

Full width ' < 2.1 MeV, CL = 90%

5*(2007)0 modes are charge conjugates of modes below.
D*(2007)° DECAY MODES Fraction (I';/T) p (MeV/c)
DO 70 (61.94£2.9) % 43
DO~ (38.1£2.9) % 137
D*(2010)* 1UP) = 3017)
I, J, P need confirmation.

Mass m = 2010.27 &+ 0.17 MeV (S = 1.1)

Mps(a010+ — Mp+ = 140.64 % 0.10 MeV (S = 1.1)

Mps(o010+ — Mpo = 145.421 & 0.010 MeV (S = 1.1)

Full width ' = 96 4+ 22 keV

D*(2010)~ modes are charge conjugates of the modes below.

D*(2010)=|: DECAY MODES Fraction (I';/T) p (MeV/c)
DOrt (67.7+0.5) % 39
Dt 70 (30.70.5) % 38
Dt~y ( 1.6£0.4) % 136
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Dy (2420)° 1Py = 3at)
I, J, P need confirmation.
Mass m = 2422.3 + 1.3 MeV (S =1.2)
mD(lJ — Mp.y = 411.7 £ 0.8
Full width ' = 20.4 4+ 1.7 MeV
51(2420)0 modes are charge conjugates of modes below.
Dy (2420)° DECAY MODES Fraction (I';/T) p (MeVc)
D*(2010)* 7~ seen 355
DOt~ seen 426
Dt r— not seen 474
D0 rt = not seen 281
D3(2460)° 10P) = 52"
JP = ot assignment strongly favored.
Mass m = 2461.1 + 1.6 MeV (S = 1.3)
mDEO - Mpy = 593.9 £ 0.8
Full width ' = 43 £ 4 MeV (S = 1.8)
5’2‘(2460)0 modes are charge conjugates of modes below.
D;(2460)° DECAY MODES Fraction (I';/T) p (MeV/c)
Dt r— seen 505
D*(2010)* 7~ seen 389
DOt~ not seen 462
D0 rt = not seen 324
D3(2460)* 1UP) = 32%)
JP =2t assignment strongly favored.
Mass m = 2460.1 728 MeV (S = 1.5)
mD§(2460)i — mD;(2460)0 =24+ 1.7 MeV
Full width ' =37 £ 6 MeV (S = 1.4)
D5(2460)_ modes are charge conjugates of modes below.
D;(2460)i DECAY MODES Fraction (I';/T) p (MeVc)
DOt seen 508
D*0 7t seen 391
Dt rtr— not seen 457
D*t gt~ not seen 320




62 Meson Summary Table

CHARMED, STRANGE MESONS

(C=S= +1)

+ — ¢ - _ = F. %1
DS = 5, DS =cs, similarly for DS S

DE 1(JP) = 007)
Mass m = 1968.49 + 0.34 MeV (S = 1.3)
Mpe — Mps = 98.87 + 0.30 MeV (S = 1.4)
s
Mean life 7 = (500 + 7) x 107 s (S = 1.3)
cr = 149.9 ym
CP-violating decay-rate asymmetries
Acp(KEKY) = 0.049 £ 0.023
Acp(Kt K= 7%) = 0.003 + 0.014
Acp(KT K= 7%t 79) = —0.06 + 0.04
Acp(KYKF2rt) = —0.01 £ 0.04
Acp(rtr~ %) = 0.02 + 0.05
Acp(rtn) = —0.08 + 0.05
Acp(rEn’) = —0.06 + 0.04
Acp(K*r0) =0.02 + 0.29
Acp(Kirt) = 0.27 £ 0.11
Acp(K*ntn™) =0.11 + 0.07
Acp(K*n) = —0.20 £ 0.18
Acp(KE1/(958)) = —0.2 + 0.4
T-violating decay-rate asymmetry
Ar(KYK*atn™) = —0.04 £ 0.07 [eec]
D} form factors
rn=132+024 (S=12)
r, =172+021
ry/TT=072+018
Unless otherwise noted, the branching fractions for modes with a resonance in
the final state include all the decay modes of the resonance. Ds_ modes are
charge conjugates of the modes below.
D's" DECAY MODES Fraction (T';/T) Confidence level
Inclusive modes
K~ anything 3 B )%
KOanything + K%anything (39 +28 )%
K™ anything 20 1 )y
(non-K K) anything (64 +17 )%
7 anything [ddd] (24 +4 )%
7 anything (87 +21)%
¢ anything (16.1 £ 16 )%

et anything (8 T8 )%
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Leptonic and semileptonic modes

etve < 13 x 104 90%
whu, (62 + 06)x103
o, (66 + 06)%
an, leee] ( 2.36+ 0.26) %
Ty, + 7/(958) 1y, leee] (3.9 £ 0.7 )%
nltuy, [eee] (29 £ 06)%
7'(958) (T vy leee] ( 1.02+ 0.33) %
Hadronic modes with a KK pair
K*tKY ( 1.49+ 0.09) %
KtK— 7t lqq] ( 5.50+ 0.28) %

omt [ff,ggg] ( 4.38+ 0.35) %

ont, ¢ — KTK— [fff] ( 2.18+ 0.33) %

KtK*(892)0, K*0 — K—7+t (2.6 £ 04)%

f(980)7t, fy — KT K~ (6.0 + 24 )x1073

Kt K;(1430)%, Ky — K-t (51 + 25)x1073
KOKO 7t —

K*(892)t K° lggg]l (53 + 12)%

KTK-at70 (56 + 05)%
dpt, & — KTK™ (40t Mo
¢t 703-body, ¢ — < 15 % 90%
KtK—

Kt K= at7%non-¢ <11 % 90%
KYK= 7zt (1.64+ 0.12) %

K*(892)F K*(892)0 legg]l (7.0 + 25)%

KO K= 2zt (non-K*+ K*0) < 35 % 90%
KtKYntn™ (9.6 + 1.3 )x10"3
KtK—atntrn— (88 + 16 )x103

ontata=, ¢ — KTK™ (59 + 1.1 )x1073

K+ K= pO7t non-¢ < 26 x 1074 90%

o7t ¢ — KtK— (66 + 1.3 )x1073

dar(1260)F, ¢ — KT K-, (75 + 1.3 )x1073
al — pOnt

K+ K~ 7t 7t 7 nonresonant (9 +£7 )x1074
K KYrt ot nm (84 + 35)x1074

Hadronic modes without K's
at a0 < 6 x 10~4 90%
atata™ ( 1.11+ 0.08) %

po nt not seen

7T (7T 77) s—wave [hhh] (9.7 + 1.1 )x 1073

H(1270)7t, b — ata~ (1.1 4+ 06 )x1073

p(1450)0 7%, p0 — ata— (7 +6 )x1074
atata— a0 < 14 % 90%

nat lggg] ( 158+ 0.21) %

wrt lggg]l (25 + 0.9 )x103
3rtor— (80 £ 09)x10-3
atata m0x0 —

np* legg] (13.0 + 22)%

n7t 70 3-body [gggl < 5 % 90%
3nt o0 (49 £32)%

7'(958) 7t lggg] (38 + 04)%

984
981
182
720

908
751

850
805
712
712
416
732
218
802
683
748

400
686

748
744
a7
744
744
673
640
249
181

673
669

975
959
825
959
559
421
935
902
822
899
902
724
886
856
743
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3rton—2q0 — 803
7'(958) p legg] (122 + 2.0)% 465
7/ (958) 7 F 79 3-body legg] < 1.8 % 90% 720

Modes with one or three K’s

K+ 70 (82 + 22 )x1074 917

K+ ( 125+ 0.15) x 103 916

Ktn (1.41+ 031)x 1073 835

K+ n/(958) (1.6 + 05 )x1073 646

Ktata~ (69 + 05)x103 900
K+ p0 (27 £ 05)x10-3 745
K+ p(1450)°, p0 — 7ta— (7.4 + 26 )x1074 -
K*(892)0xt, K¥0 — K*z~ ( 150+ 0.26) x 10—3 775
K*(1410)07F, K¥0 — K+ g~ (1.30+ 0.31) x 1073 -
K*(1430)%7t, K*0 — Ktg— (5 +4 )x1074 -
K*xt 7~ nonresonant (1.1 + 0.4 )x1073 900

K¢ntata— (3.0 £ 11)x10"3 870

KTKtK= (49 + 1.7 )x1074 628
oKt ¢ - KTK— < 28 x 1074 90% 607

Doubly Cabibbo-suppressed modes
KtKtn— (29 £ 11)x1074 805
Baryon-antibaryon mode
pT (1.3 + 0.4 )x1073 295
AC = 1 weak neutral current (C1) modes,
Lepton family number (LF), or
Lepton number (L) violating modes

rtete™ [u] < 2.7 x 104 90% 979

atutu~ [uu] < 2.6 x 1075 90% 968

Ktete™ c1 < 16 x 1073 90% 922

Ktutp~ 1 < 36 x 1073 90% 909

K*(892) T put ™ c1 < 14 x 1073 90% 765

atet T LF  [gg] < 6.1 x10~4 90% 976

KtetuT LF  [gg] < 63 x 10~4 90% 919

n-etet L < 6.9 x10~4 90% 979

autpt L < 29 x 1075 90% 968

ettt L < 73 x 1074 90% 976

K-etet L < 63 x10~4 90% 922

K= ptpt L < 13 x 1075 90% 909

K-etput L < 6.8 x 104 90% 919

K*(892)~ pt ™ L < 14 x 1073 90% 765
D 1Py = 0(2%)

JPis natural, width and decay modes consistent with 17 .

Mass m = 2112.3 + 0.5 MeV (S = 1.1)
Mpex — Mpe = 143.8 + 0.4 MeV

Fullwidth T "< 1.9 MeV, CL = 90%
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65

sz modes are charge conjugates of the modes below.

D;+ DECAY MODES Fraction (T';/T) p (MeV/c)
Dfy (94.2£0.7) % 139
Dix® (5.8+0.7) % 48
D%y(2317)* 1Py = o(0™)
J, P need confirmation.
JP is natural, low mass consistent with ot.
Mass m = 2317.8 + 0.6 MeV (S =1.1)
mD;0(2317)i — mDSi =349.3 £ 0.6 MeV (S=1.1)
Full width ' < 3.8 MeV, CL = 95%
D;O(2317)* modes are charge conjugates of modes below.
D;o(2317)i DECAY MODES Fraction (I';/T) P (MeV/c)
Dj w0 seen 298
Dj 7070 not seen 205
Dsy (2460)* 1Py =0(1F)
Mass m = 2459.6 + 0.6 MeV (S = 1.1)
mD51(2460)i - mD;i =347.2+ 0.8 MeV (S =1.2)
mD51(2460)i — mDsi =491.1 +£ 0.7 MeV (S =1.1)
Full width ' < 3.5 MeV, CL = 95%
Dg1(2460) ™ modes are charge conjugates of the modes below.
Scale factor/ p
Dg; (2460)F DECAY MODES Fraction (I';/T) Confidence level ~ (MeVjc)
Dt 70 (48 £11 )% 297
Divy (18 + 4 )% 442
Dt ( 43+ 1.3)% S=1.1 363
Dity < 8 % CL=90% 323
D(2317)F (37F 5hy% 138
Ds; (2536)% 1Py = 0(17)
J, P need confirmation.
Mass m = 2535.35 &+ 0.34 £+ 0.5 MeV
Full width T < 2.3 MeV, CL = 90%
Dg1(2536)~ modes are charge conjugates of the modes below.
D51(2536)+ DECAY MODES Fraction (T';/T) p (MeV/c)
D*(2010)* KO seen 149
D*(2007)° K+ seen 168
Dt KO not seen 382
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DOK+ not seen 391
D:+ 5 possibly seen 388
Dj ata~ seen 437
?
Dy (2573)% 1Py = 0(%)
JPis natural, width and decay modes consistent with 2.
Mass m = 2572.6 + 0.9 MeV
Full width ' =20 +£ 5 MeV (S = 1.3)
Dg5(2573)™ modes are charge conjugates of the modes below.
D52(2573)+ DECAY MODES Fraction (I;/T) p (MeV/c)
DOK* seen 435
D*(2007)° K+ not seen 244

BOTTOM MESONS
(B = +1)

Bt = ub, B = db, B =db, B~ =ub, similarly for B*’s

B-particle organization

Many measurements of B decays involve admixtures of B
hadrons. Previously we arbitrarily included such admixtures
in the B+ section, but because of their importance we have
created two new sections: “B% /B0 Admixture” for 7'(45)
results and “B*/B%/BY/b-baryon Admixture” for results
at higher energies. Most inclusive decay branching fractions
and xp at high energy are found in the Admixture sections.
B9-BY mixing data are found in the B? section, while BI-
BY mixing data and B-B mixing data for a B/BY admixture
are found in the Bg section. CP-violation data are found in
the B*, B?, and B* BO Admixture sections. b-baryons are
found near the end of the Baryon section.
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The organization of the B sections is now as follows, where bullets
indicate particle sections and brackets indicate reviews.
N
mass, mean life, CP violation, branching fractions
e B0
mass, mean life, B%-B% mixing, CP violation,
branching fractions
o B* BY Admixtures
CP violation, branching fractions
o B%/BY%/BY/b-baryon Admixtures
mean life, production fractions, branching fractions
e B*
mass
o B;(5721)°
mass
o B3(5747)0
mass
. Bg
mass, mean life, B3-BY mixing, CP violation,
branching fractions
. B:
mass
o B,1(5830)°
mass
* B%,(5840)°
mass
° Bi:
mass, mean life, branching fractions
At end of Baryon Listings:
L] Ab
mass, mean life, branching fractions
Xy
mass
L
mass
° _:g, =
mass
e b-baryon Admixture
mean life, branching fractions
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B 1Py = 5007

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass Mgy = 5279.15 + 0.31 MeV

Mean life 7o = (1.638 + 0.011) x 1072 s

cr = 491.1 um

CP violation
Acp(Bt — J/yp(1S)KT) = 0.017 £ 0.016 (S = 1.2)
Acp(BT — J/p(1S)nt) = 0.09 £ 0.08
Acp(BT — J/ppT) = —0.11+0.14
Acp(Bt — J/wK*(892)T) = —0.048 & 0.033
Acp(BY — ncKT) = —0.16 £+ 0.08
Acp(BT — %(2S)KT) = —0.025 £ 0.024
Acp(Bt — ¢(25)K*(892)*) = 0.08 + 0.21
Acp(BT — xc1(1P)7t) = 0.07 £ 0.18
Acp(Bt — xcoKt) = —0.07 £ 0.20
Acp(Bt — xc K1) = —0.009 + 0.033
Acp(BY — xc1 K*(892)1) = 0.5+ 05
Acp(BY — DOzt) = —0.008 + 0.008
ACP(B+ — DCP(+1) 7T+) = 0035 + 0024
Acp(Bt — Dgp(—1)mt) = 0.017 £ 0.026
Acp(BY — DOKT) =0.07 £ 0.04

rp(Bt — DOKT) =0.14 + 0.06
dp(BT — DOK*) =135 + 26 degrees
rp(BY — DK**) = 0567023
dp(BT — DK*T) =243 4 50 degrees
Acp(BY — [K—7t]pK*) = 09758
Acp(BY — [K~ 7t ]5K*(892)%) = 0.2 £ 0.6
Acp(BY — [K~7t]pnt) = 0301030
Acp(BY — [rtr 70pKT) = —0.02 + 0.15
ACP(B+ — DCP(+1) K+) = 022 + 0.14 (S = 1.4)
Acp(Bt — Dcp—1)K™) = —0.09 £ 0.10
Acp(BY — D*0xt) = —0.014 4 0.015
Acp(BT — (D ))°n+) = —0.02 £ 0.05
—
—

CP(+1
Acp(BT (D;}P(fl))oﬁ) = —0.09 + 0.05
Acp(BT — D*OKT) = —0.09 + 0.09
ry(BT — D*KT) =017 £0.08
§5(BT — D*OK+) =299 + 31 degrees

Acp(BY — Dp(11)K*) = —015£0.16
Acp(BY — Dgp_1)K*) =013+ 031
Acp(BT — Dep(y1)K*(892)1) = —0.08 + 0.21
ACP(B+ — DCP(*I) K*(892)+) = 703 + 0.4
Acp(BT — D*tD*0) = —0.15 £ 0.11

Acp(BY — D*tDY% = —0.06 + 0.13

Acp(BY — DTD*0) =013+ 0.18

Acp(BY — DTD% = —0.13+0.14

Acp(Bt — K%nT) =0.009 £0.029 (S=12)



Meson Summary Table

69

Acp(B*
Acp(B*
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(B*
Acp(B*
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(B*
Acp(BF
Acp(B*
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(BT
Acp(B*
Acp(BT
Acp(B*

T T e e

K+x0) = 0.027 + 0.032

7 Kt) = 0.016 + 0.019

7' K*(892)T) = 0.30 7333

nKt) = —0.27 £ 0.09
nK*(892)%) = 0.02 + 0.06
nK;(1430)F) = 0.05 + 0.13
nK3(1430)F) = —0.45 £ 0.30
wK*) =0.02 £ 0.05

K*(892)* %) = 0.04 + 0.29
K*0zt) = —0.08 £0.10 (S = 1.8)
Ktr=nt) =0.023 £0.031 (S=1.2)
f(980)K*) = —0.043%8 (S =1.1)
£(1270) Kt) = —0.59 + 0.22
Xo(1550)K*) = —0.04 + 0.07

P K*) = 0317503
K3(1430)°7F) = 0.00 £ 0.07 (S =2.4)
KOp*) = (=0.12 + 0.17) x 107
pA7%) = 0.01 + 0.17

PP K*(892)1) = 0.20 + 0.31
K*(892)* (980)) = —0.34 + 0.21
af K% =012+ 0.11
K*(892)%pT) = —0.01 4+ 0.16
KOKk+)=012+0.18

bY KT) = —0.46 + 0.20
KTKIKY) = —0.04 £ 0.11

K+t K~ 7)) =0.00 +0.10

Kt K= K*) = —-0.017 + 0.030
K*T Kt K~) =0.11 4+ 0.09

K**t 7t 77) = 0.07 £ 0.08

$Kt) = —0.01 £ 0.06
HK*(892)T) = —0.01 + 0.08
éKtv) = -0264+0.15
nKty)=-0.13 4 0.08

atx0) = 0.01 + 0.06

ata=7t) = —-0.01 £ 0.08

pOnt) = —0.07 £ 0.13
,(1270)7+) = 0.00 & 0.25

ptn0) =0.02 +0.11

ptp0) = —0.08+0.13

Bynt) =0.05+0.16

wrt) = —0.04 £ 0.06

wpt) =0.04 +0.18
nnt)=-0.16+0.07 (S=1.1)
n'mnt) =0.21£0.15

npt) =0.01 £+ 0.16

7' pT) = —0.04 +0.28

ppmt) = 0.00 + 0.04

ppPK*) = —0.16 + 0.07
pPK*(892)1) = 0.32 4+ 0.14
pAy) = 0.17 £ 0.17
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Bt DECAY MODES

Acp(BT — KTete—)=—-007+022
Acp(BT — K*t(t¢7) =0.03 4+ 0.23
(Bt = DO KG)+) = (57 £ 17)°

B~ modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed in the B:k/B0 ADMIXTURE sec-
tion.

The branching fractions listed below assume 50% B9BO and 50% Bt B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7°(4S) production ratio to 50:50 and their
assumed D, Dg, D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Scale factor/
Fraction (T';/T)

p

Confidence level (MeV/c)

0 ypanything [ii] ( 10.99 +0.28 )% -
etve X, (108 404 )% -
DT yganything (104 +08 )% -
D¢ty lil] ( 227 £0.11)% 2310
DOrtu, (7 +4 )x1073 1911
9*(2007)0€+V£ [iii] ( 6.07 +£0.29 )% 2258
D*(2007)° 7t v, (22 +06 )% 1839
D~ ntety, ( 42 +05 )x10-3 2306

5’6(2120)°Z+y5x B(Dg? — ( 24 +07 )x1073 -
Dt rn7)

D3(2460)0 ¢+ vy x B(D30 — ( 22 +05 )x1073 2066
Dt n™)
D®nrety(n > 1) ( 1.99 £0.28 )% -
D*~atity, ( 61 +06 )x10-3 2254
D1(2420)0 ¢+ vy x B(DY — ( 40 07 )x1073 2084
D**t77)

D (2430)0 ¢+ vy x B(DY — < 7 x1074  CL=90% -
D**t ™)

D3(2460)° ¢+ vy x B(D3? — (18 407 )x1073 2066
D*t77)

w00y, ( 77 +12 )x10°5 2638

nttuy, < 101 x10~%  CL=90% 2611

'ty ( 27 +10 )x104 2553

wlty, ] (1.3 +06 )x10~4 2582

Pty [ii] ( 1.28 +£0.18 )x 104 2583

ppetve < 52 x1073  CL=90% 2467

etue < 98 x1076  CL=90% 2640

o, < 17 x1076  CL=90% 2639

Tty ( 14 +04 )x10—4 2341

et ey < 20 x1074  CL=90% 2640

v,y < 52 x107%  CL=90% 2639

Semileptonic and leptonic modes
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Inclusive modes

DO X ( 86 +07 )% -
DX (79 4 )% -
Dt X (25 +05 )% -
D™ X (99 +1.2 )% -
DiXx (79 T34 )% -
D7 X ( 110 ¥ )% -
AEX (21 132 )% -
Ao X (28 11 )% -
TtX (97 +4 )% -
cX (234 122 )% -
ccX (120 +6 )% -

D, D*, or Ds modes
DOrt ( 4.84 £0.15 )x103 2308
Dep(1)m™ Uil ( 1.96 +£0.34 ) x 1073 -
DCP(_I)W+ Ll ( 1.8 404 )x10-3 -
DOyt ( 1.34 £018 )% 237
DOkt ( 402 021 )x10~4 2280
Dep(+1) Kt Ll ( 1.81 +0.27 ) x 1074 -
Dep—1) K+ Uil ( 173 £0.23 )x 104 -
[K—nt]pnt [kkk] ( 1.7 405 )x107° -
[7t7n= a0p K~ ( 46 409 )x1076 -
DO K*(892)* ( 53 +04 )x107% 213
Dep(—1)K*(892)* Ll ( 17 +07 )x10~* -
Dep(41) K*(892)F L] ( 52 +12 )x10~* -
DOK+KO ( 55 +16 )x10~4 2189
DO K*K*(892)° (75 +17 )x1074 2071
Dortata— (11 +04 )% 2289
D%zt nt 7~ nonresonant (5 +4 )x10-3 2289
DOrt p0 ( 42 430 )x1073 2207
DO a;(1260) (4 +4 )x1073 2123
Dowrt ( 41 +09 )x1073 2206
D*(2010) "t t ( 1.35 £0.22 ) x 1073 2247
D~ xtrt ( 1.02 £0.16 )x 1073 2299
Dt KO < 50 x1076  CcL=90% 2278
D*(2007)0 7t ( 519 +0.26 ) x 1073 2256
D*(2007)°wrt (45 +12 )x1073 2149
D*(2007)% p* (98 +17 )x1073 2181
D*(2007)° K+ ( 416 £0.33 ) x 1074 227
D*(2007)° K*(892)* (81 £14 )x1074 2156
D*(2007)° Kt K < 106 x1073  CL=90% 2132
D*(2007)° K+ K*(892)° ( 15 +04 )x1073 2008
D*(2007)° 7t wt 7~ ( 1.03 +0.12 )% 2236
D*(2007)% a1 (1260) " ( 19 +05 )% 2062
D*(2007)° 7~ wt 7t 70 (18 +04 )% 2219
D037t 21— ( 57 +12 )x1073 2196
D*(2010)* #° < 17 x1074  CL=90% 2255
D*(2010)* KO < 90 x1076  CcL=90% 2225
D*(2010)~ 7wt 7t 70 (15 +07 )% 2235
D*(2010)~ atatat o~ ( 26 404 )x1073 2217
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D0 -+
D3 (2420)0 7+
D1(2420)% 7+ x B(DY —
DOntz)
D3(2462)0 7+
x B(D5(2462)° — D~ 7t)
D(2400)° t
% B(Dp(2400)° — D~ 7)
D;(2421)0
x B(D1(2421)% — D*~7%)
D3(2462)0t
% B(D3(2462)° — D*~ 7 )
D} (2427)0 7+
x B(D}(2427)% — D*~r¥)
D1(2420)% 7+ xB(DY —
DOrt )
D;(2420)0 p*
D3(2460)0 7+
D3(2460)° 7+ xB(D30 —
DOrt )
D3(2460) p*
DOpf
Dso(2317)1 D0 x
B(Dsp(2317)* — D} x0)
Dso(2317)F DO x
B(Dso(2317)" — D;"~)
Dso(2317)F D*(2007)° x
B(Ds(2317)* — D} x0)
D, ;(2457)F DO

D, ;(2457)F DO x
B(Ds;(2457)* — DY ~)

D, ;(2457)F DY x
B(D,;(2457)t —
D;"vr"' )

D, 7(2457)F DO x
B(Ds;(2457)* — D} x0)

D, ;(2457)F DY x
B(D,;(2457)" — DiT)

D, ;(2457)" D*(2007)°

D, ;(2457)F D*(2007)° x
B(D;;(2457)" — DY ~)

DO Dy (2536)F x
B(Ds;(2536)" —
D*(2007)° K )

D*(2007)° Ds; (2536) x
B(Ds;(2536)t —
D*(2007)°K+)

DO Dy (2536)F x
B(Ds1(2536)t — D*t K9)

(

—

5.9
1.5

1.9

3.4

6.1

6.8

1.8

5.0

1.4
1.3
2.2

4.7
1.03

75

7.6

3.1

4.8

2.2

2.7

9.8

1.20
1.4

2.2

55

2.3

yx 1073
)y x 1073

+1.3
+0.6

+0.5

o ) x4

+0.8 )x 1074

+1.9 )x 1074

+15 )x1074

+05 )x1074

+1.2 )x 1074

x1076  CL=90%
x 1073
x 1073
x 1075

CL=90%
CL=90%
CL=90%

x 1073
+0.17 ) %

CL=90%
+22 w104
x 104

CL=90%

+7  )x1074

CL=90%

x1074  CL=90%

x 10~4 CL=90%

+0.30 ) %

97 yx1073

+0.7 )x 1074
+1.6 )x 1074

+1.1 )x 1074

2081
2081

2113

2081

1995

2063

2063

1976
1815

1605

1605

1511

1447

1338

1447
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DO D, ;(2700)F x
~ B(D,;(2700)* — DOKT)
D*0 Dg; (2536)T x
_ B(Ds1(2536)" — D*t KO)
D*0 D, ;(2573)* x
~ B(Dsy(2573)* — DOK)
D*(2007)% D, ;(2573) x
B(D,;(2573)" — DOK)
DOpit
D*(2007)° D}
D*(2007)° DiF
D(*)+ 5**0
s
D*(2007)° D*(2010)*
D°D*(2010)* + D*(2007)°DF
DO D*(2010)*
DD+
DDt KO
D*D*(2007)°
D*(2007)° D+ KO
D% D*(2010)* KO
D*(2007)° D*(2010) T K°
DODOK*
D*(2007)° DO K+
D°D*(2007)° K+
D*(2007)° D*(2007)° K+
D~ Dt K*
D~ D*(2010)* K+
D*(2010)~ Dt K+t
D*(2010)~ D*(2010)t K+
(D+D*)(D+D*)K
DT 70
S
+ 0
Dyt w
D;"n
Dity
D;" po
+ 0
Dy p
D;"w
Ditw
)
DY a,(1260)°
Dt a1 (1260)°
Do
Dite
DIKO
D£+70
S pa—
DI K*(892)°
+ ¢ 0
DiTK*(892)
Ds_ K+
sz at K+
D, nt K*(892)*
Di~at K*(892)*

ANNNNANNNNANNNANNNNNNANNNNNA

+0.26 -3
113 T80 ) x 10

39 +26 )x1074

2 x1074  CL=90%
5 x1074  CL=90%
7.8 +16 )x1073

84 +17 )x103

1.75 £0.23 )%

27 412 )%

81 +17 )x1074

1.30 % CL=90%
3.9 +05 )x1074

42 +06 )x1074

2.8 x1073  CL=90%
6.3 +1.7 )x10~4

6.1 x1073  CL=90%
52 +12 )x1073

7.8 +£26 )x1073

2.10 +0.26 ) x 1073

3.8 x1073  CL=90%
47 +£10 )x1073

53 +16 )x1073

4 x107%  CL=90%
7 x107%  CL=90%
15 +£04 )x1073

1.8 x1073  CL=90%
35 06 )%

1.6 +06 )x107°

2.7 x10~4  CL=90%
4 x1074  CL=90%
6 x 104  CL=90%
3.1 x1074  CL=90%
4 x10~4  CL=90%
4 x10~4  CL=90%
6 x10~4  CL=90%
1.8 x1073  CL=90%
1.4 x1073  CL=90%
1.9 x1076  CL=90%
1.2 x107%  CL=90%
9 x1074  CL=90%
9 x10~4  CL=90%
4 x1074  CL=90%
4 x1074  CL=90%
7 x1074  CL=90%
9.9 x1074  CL=90%
5 x1073  CL=90%
7 x1073  CL=90%

1338

1306

1306

1734
1737
1650

1713
1792
1792
1866
1571
1791
1474
1476
1362
1577
1481
1481
1368
1570
1475
1475
1363

2270
2215
2235
2178
2197
2138
2195
2136
2079
2014
2141
2079
2241
2184
2172
2112
2222
2164
2138
2076
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Tc K+

ne K*(892) 1
nc(28) K+
IS K+
J/p(AS) Kt nt a~

he(LP)K* x B(he(1P) —

J/prtaT)
X(3872) K+

X(3872) KT x B(X —

J/pat o)

X(3872) KT x B(X —
X(3872) Kt x B(X —
X(3872) Kt x B(X —
X(3872) KT x B(X —

DODO=0)

X(3872) KT x B(X — D

X(3872) K+

x B(X(3872) — J/¥(1S)n)
X(3872)1 KOx B(X(3872)*

J1/%(18) 7t 70)

X(4260)° Kt x B(X0 —

J/pataT)

X(3945)° Kt x B(XO — J/vn)
Z(3930)°K* x B(Z0 — J/v7)

J/(18) K*(892)*
J/%(18) K(1270)*
J/%(18) K(1400)*
J/p(1S)nK*
J/p(18)n K+
J/uas)o Kt
J/p(1S)nt
J/9(18)p*
J/p(AS) T
J/9(1S)
J/9(1S)
J/9(1S)
J/$(1S)D*
J/p(1S) DOt
YRS K+
P(25) K*(892)*
Y(S)Kt 7t~
P(3770) KT

1260)*

ay(
pA
T0p

$(3770) K+ x B(yy — DODY)
$(3770)K* x B(yp — Dt D7)
Xcomt xB(xco — 7r+7r7)

Xco(1P)K*
Xco K*(892)*

Xc1 (lP) K*(892)*
he K+

+ 70 nonresonant

(
(
(
(
(

<

AN A

—~ e~~~ o~~~

Charmonium modes

91 +13 )x1074

0.7 -
12 F3L )y x1073

3.4 +18 )x1074
1.00740.035) x 10~3
1.07 +0.19 ) x 1073
3.4 x 106

3.2 x 1074
1.14 £0.20 ) x 107

33 +1.0 )x107°
6.0 x 1075
4.0 x 1075
1.0 +04 )x1074

1.7 +06 )x1074

7.7 x 1076
2.2 x 1072
2.9 x 1075
14 x 1075
2.5 x 1076

1.43 £0.08 ) x 1073
1.8 +05 )x1073

5 x 10~4
1.08 +0.33 ) x 1074
8.8 x 1075

52 +17 )x107°
49 406 )x107°
50 +08 )x107°

7.3 x 106
1.2 x 1073
1.18 +0.31 ) x 1075
1.1 x 1072
1.2 x 104
25 x 1072

6.48 +£0.35 ) x 104
6.7 +1.4 )x1074
1.9 +12 )x1073
49 +13 )x1074
1.6 +04 )x1074
9.4 +35 )x107°

3 x10~7
140 1023 ) 1074
2.86 x 1073
2.9 x 1072
1.2 x 1072

22 405 )x107°
49 405 )x1074
3.6 +09 )x1074
3.8 x107°

S=1.9
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=95%

CL=90%

CL=90%

CL=90%

CL=90%

S=1.2

S=15

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

S=1.3

1753
1648

1320
1683
1612
1401

1140
1140

1140
1140
1140
1140

1140
1140

1571
1390
1308
1509
1273
1227
1727
1611
1717
1415

567

870

665
1284
1115
1178
1218
1218
1218

1478

1467
1412
1265
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K or K* modes

KOxt

K+ =0

K+

7 K*(892)*

nK*

nK*(892)*

nK(1430)*

nK5(1430)*

wK*

wK*(892)*

a0(980)1 KO xB(ap(980)+ —
n7t)

a0(980)° Kt xB(ap(980)0 —
n0)

K*(892)°

K*(892)* x0

Ktn—nt
K+~ 7t nonresonant

K+ 15(980) x B(fp(980) —
ataT)
(12700 K+

£(1370)° K+ x B(£(1370)° —

ataT)

p0(1450) K+ x B(p°(1450) —

wtrT)
f5(1500) K x B(fy(1500) —

ntaT)

f5(1525) KT x B(f5(1525) —

ataT)

K+ ',,O

K(1430)07F

K3(1430)07F

K*(1410)0 7+

K*(1680)0 7t
K- ntat

K~ t 7t nonresonant
K1 (1400)0 7+
KOt 70

KO P+
K*(892) T nt 7~

K*(892)F p0

K*(892) " £,(980)
al KO
K*(892)0 pt
K*(892)+ K*(892)°
K1(1400) p0
K3(1430)+ p0
KtKO
KOK+ 70

+ 10 K0

shs™
KTK—at

~ e~~~ A~~~ o~ —~

ANNANNNNANNAN

231
1.29
7.02
4.9
2.7
1.93
1.8
9.1
6.7
3.4
3.9

25

1.09
6.9
55

9.2

1.3
1.07

1.17

4.4

3.4

4.2
4.7
6.9
45
1.2
1.8
5.6
2.6
6.6
8.0
75
6.1
5.2
3.5
9.2
7.1
7.8
1.5
1.36
2.4
1.15
3.2
5.0

4+0.10 ) x 1073
+0.06 ) x 1075
+0.25 ) x 1073
+2.0 )x107©
+09 )x1076
4+0.16 ) x 1073
+04 )x 1073
+3.0 )x107©
+0.8 )x1076

x 106

x 1076

x 1076

+0.18 ) x 1075
+24 )x1076
+0.7 )x 1075

e )x10-6

Y )0t

02 yx1076

x 1075
x 1075
X 1076
X 1076

+05 )x 1076
+05 )x107°
x 106
x 1075
x 1075
x 106
x 1075
x 1073
x 1075
+15 )x 1076
+1.0 )x 1073
x 106
+13 )x1076
+0.7 )x 1075
+15 )x1076
x 1075
x 104
x 1073
+0.27 ) x 1076
x 1075
+0.13 ) x 1075
x 106
+0.7 )x 1076

S=1.8
CL=90%
CL=90%
CL=90%

S=2.1

5=2.6
S=6.1

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

2614
2615
2528
2472
2588
2534

2414
2557
2503

2562
2562
2609

2609

2524

2398

2392

2559
2445
2445
2448
2358
2609
2609
2451
2609
2558
2556
2504
2468

2504
2484
2387
2381
2593
2578
2521
2577
2578
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Kt K~ nonresonant
K+ K*(892)°
K+ K (1430)0
KtK*tn—
K* K+ 7~ nonresonant
BYK* x B(B) — wn?)
Kt K=
Kt K+tn~
KtK—K*
K+
(980) K* x B(%(980) —
KTK™)

2,(1320) KT x B(ap(1320) —
KtK™)

f5(1525) KT x B(f5(1525) —
KtK™)

Xo(1550) KT x B(Xq(1550) —
KtK™)

#(1680) KT x B(¢4(1680) —
KtK™)

R(1710) KT x B(fh(1710) —
KtK™)

K* K~ K1 nonresonant
K*(892)T K+ K~

K*(892)* ¢
K1(1400)* ¢
K3(1430)T ¢
Kt oo
'y KT
K*(892)

K1(1270)F ~
nKty
7Kty
oKty
Ktr—znty

K*(892)07+

K*pPy

K+ 7~ 7t~ nonresonant
KOt 7T0'y
K1(1400)t
K3(1430) T~
K*(1680)*"

K3(1780) T~
K;(2045) v

AN ANANA

NN

75
1.1
2.2
1.3
8.79
9.1
1.18
6.1
3.37
8.3
2.9

1.1

4.9

4.3

1.7

2.8

3.6
1.05
1.1
3.4

4.9

25
4.03
4.3
9.4
4.2
3.5
2.76

2.0

2.0
9.2
4.6
1.5
1.4
1.9
3.9
9.9

x 1075
x 106
x 106
x 106
x 1075
+20 )x1076
x 1072
x 106
4+0.22 ) x 1073
+0.7 )x 1076
X 1076

x 106
x 1076
+0.7 )x 1076
x 107
+1.0 )x 1076

92 ) x10-5

+05 )x107°
4+0.15 ) x 1072
x 103
x 1073

33 xS

x 1075
+0.26 ) x 1075
+1.3 )x107°
+11 )x1076

x 106
+06 )x1076
+0.22 ) x 1079

97 yx1075

x 1075
X 1076
+05 )x107°
x 1079
+04 )x107°
X 1073
x 1079
x 1073

Light unflavored meson modes

Ty
71'7L 71'0
atata—
POt
7t £(980) x B(f(980) —
ata)
7t £(1270)

_~ e~~~

8.8

5.7
1.62
8.7
3.0

8.2

+22 yx1077

+05 )x1076
4+0.15 ) x 1073
+11 )x1076

x 106

+25 )x1076

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

S=1.4
CL=90%

CL=90%

CL=90%

CL=90%

S=1.4
CL=90%
CL=90%

$=2.9
CL=90%

CL=90%

S=1.2

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

2578
2540
2421
2578
2578

2524
2524
2522
2516
2524

2449

2392

2344

2329

2522

2466
2460
2339
2332

2306

2564
2486
2588

2516
2609

2562

2559
2609
2609
2453
2447
2360
2341
2244

2583

2636
2630
2581
2547

2484
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p(1450) 7+ < 23 x1076  CL=90% 2434
fo(1370) 7w xB(f5(1370) — < 30 x1076  CL=90% 2460
ata—
f5(600) 7wt x B(f,(600) — < 41 x1076  CL=90% -
TtrT)
7t 7=t nonresonant < 46 x1076  CL=90% 2630
at a0zl < 89 x10~4  CL=90% 2631
ptal ( 1.09 +0.14 ) x 1075 2581
ata= a0 < 40 x1073  CL=90% 2621
ptp0 ( 1.8 £04 )x1075 S=1.5 2523
pT £,(980) xB(f,(980) — < 19 x1076  CL=90% 2487
ataT)
a1(1260) T 70 ( 26 407 )x1075 2494
a1(1260)° 7t (20 406 )x107° 2494
Bdnt x B(bY — wn?) (67 £20 )x107® -
wrt ( 69 +05 )x107© 2580
wpt ( 106 1928 )x 1075 2522
nrt ( 44 +04 )x107° S=11 2609
o't ( 27 +10 )x1076 S=2.1 2551
0 pt ( 87 133 )x10°6 2492
npt ( 54 +£19 )x10° S=1.6 2553
ont < 24 x1077  CL=90% 2539
pt < 16 x 1075 2480
a0(980)° 7t xB(ap(980)° — < 58 x1076  CL=90% -
)
ap(980)t 7% x B(ag — nrt) < 14 x1076  CL=90% -
atatate— o~ < 86 x107%  CL=90% 2608
p0a; (1260)F < 62 x1074  CL=90% 2433
o0 a(1320)F < 72 x107%  CL=90% 2410
atatatr— a0 < 63 x1073  CL=90% 2592
a1(1260)* a1 (1260)° < 13 % CL=90% 2335
Charged particle (h%) modes
ht = k% or ot
ht 70 (16 3L )yx1075 2636
wht ( 138 £320)x1075 2580
h* X0 (Familon) < 49 x1075  CL=90% -
Baryon modes
pprt ( 1.62 +£0.20 ) x 10~© 2439
ppnt nonresonant < 53 x1075  CL=90% 2439
pprntata— < 52 x1074  CL=90% 2370
ppKt ( 59 +05 )x107° S=15 2348
O(1710) T+ px [nnn] < 9.1 x1078  CL=90% -
B(O(1710)*T — pK™)
£7(2220) K+ x B(f;(2220) — [nn] < 4.1 x10~7  CL=90% 2135
_pp)
pA(1520) < 15 x1076  cL=90% 2322
pP K™ nonresonant < 89 X107  CL=90% 2348
pPK*(892)* ( 66 +£23 )x10°° S=1.3 2215
£1(2220) K**+ x B(f;(2220) — < 17 x10~7  CL=90% 2059
pp)

pA < 32 x10=7  CL=90% 2430
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pAy

pAr0

pX(1385)°

AT A

pXy

p4ﬂ+w’

VY s

AAKT
Alp

A++E

Dt pp
D*(2010)* pp

A prt

A A(1232)FF
AL Ax(1600)FF
AL Ax(2420)TF
(A p)smt
7pﬂ+ﬂ0
p7r+ ata~

-0

Ai ij+ T_r‘—+ T
AEATK
T (2455)%p
56(2520)017
X (2455)0 pr0
T (2455)0 pr ot
> (2455) " patat

| > >

[RaJNRal

Ac(2593)~ /A (2625) " prt
S0t B(EY —» =)

—c'c

S0t B(EY —» AK*T77)

—c'c

[oo0]

ANNNN _ ANNNAN

—_

A

—_ e~~~ o~

25

3.0
47
8.2
46
2.0
2.8
2.9
1.38
1.4
15
15
2.1
1.9
5.9
47
3.9
1.8
2.3
1.34
7
3.7
2.7
4.4
4.4
2.8
1.9
5.6

4.0

I+
oo oo
o~ A0

| +

o
wo

+0.6

+1.9
+1.6
+1.3
+0.6
+0.7

+4
+1.3

+1.8
+1.7
+1.2

+2.7
—2.4

+1.6

) x 10—©
) x 10—©
x 107
x 107
x 106
x 104
x 106
) x 10—©
x 106
x 107
x 1072
x 1072
)yx 1074
x 1072
)x 1075
) x 1073
)x 1075
) x 1073
yx 1073
%
yx 1074
)x 107>
x 1072
)y x 10~4
yx 10™4
) x 104
x 1074
) x 1073
) x 1073

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

Lepton Family number (LF) or Lepton number (L) violating modes, or
AB = 1 weak neutral current (B1) modes

atete-
ntete”
ot

rtvo

Ktete
Ktete~
Ktptp

Ktov

p+V7

K*(892)T ¢t ¢~

K * (892)* vw
K*(892)t et e~
K*(892) T put i~

w+e+p_

ﬂ+e_u+

atet T

Ktetu™

Kte put

Bl
B1
B1
Bl

Bl
B1
Bl

Bl
Bl
Bl
Bl
B1

B1

LF
LF
LF
LF
LF

<

<
<
<

AN N NN A

1.2
1.8
2.8
1.0

4.4
4.9
3.9

1.4
1.5

+0.8
—-0.7

+1.0

+1.0
—-0.9

+5

+8
+6

x10~7
x 10—7
x 1077
x 10—4
) x10~7
) x 107
)y x10~7
x 1072
x 104
yx 107
x 10—4
) x 107
yx 107
x 1073
x 10~3
x10~7
x 10~8
x 10~7

CL=90%
CL=90%
CL=90%
CL=90%

S=1.1

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

2430

2402
2362

2413
2367
2358

2251

2402
2402
1860
1786
1980

1928

1935
1880
1822

1938
1904
1896
1845
1845

1143
1143

2638
2638
2633
2638

2616
2616
2612

2616
2583
2564

2564
2560

2637
2637
2637
2615
2615
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Ktet,F LF < 91 x1078  CL=90% 2615
Kt pErF LF < 77 x1075  CL=90% 2298
K*(892) T et = LF < 13 x1076  CL=90% 2563
K*(892)T e~ ut LF < 99 x1077  CL=90% 2563
K*(892)F e+ uF LF < 14 x10~7  CL=90% 2563
netet L < 16 x1076  CL=90% 2638
a~utpt L < 14 x1076  CL=90% 2633
aetput L < 13 x1076  CL=90% 2637
p-etet L < 26 x1076  CcL=90% 2583
pptpt L < 5.0 x10~®  CL=90% 2578
p~etut L < 33 x1076  CL=90% 2582
K- etet L < 10 x1076  CL=90% 2616
K= utut L < 18 x1076  CL=90% 2612
K-etput L < 20 x1076  CL=90% 2615
K*(892)~etet L < 28 x1076  CL=90% 2564
K*(892)~ ptput L < 83 x1076  CL=90% 2560
K*(892)~ et ut L < 44 x1076  CL=90% 2563

B° 10y = 3(07)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass mgo = 5279.53 & 0.33 MeV
Mgy — Mpy = 0.37 + 0.24 MeV
Mean life 7 go = (1.530 & 0.009) x 10712 s
cr = 458.7 um
Tg+/Tgo = 1.071 £ 0.009  (direct measurements)

B9-BY mixing parameters
Xg = 0.1878 + 0.0024
Amgo = Mgy — mgo = (0.507 £ 0.005) x 10'% 7i s~ 1
H L
= (3.337 + 0.033) x 10710 MeV
Xg = Amgo /T go = 0.776 + 0.008
Re()\cp / P‘CPD RG(Z) = 0.01 + 0.05
AT Re(z) = —0.007 =+ 0.004
Re(z) = 0.00 + 0.12
Im(z) = —0.015 + 0.008

CP violation parameters
Re(ego)/(1+|ega]?) = (—0.1 + 1.4) x 1073
Ar/cp = 0.005 + 0.018
Acp(B® — D*(2010)* D) = —0.06 + 0.09 (S =1.7)
Acp (B® - K*tr~) = —0.101 £ 0.015
Acp(B® — 1/ K*(892)%) = —0.08 + 0.25
Acp(B® = nK*(892)%) = 0.19 + 0.05

Acp(B® — KOKO) = (-0.6 +0.7) x 107°
Acp(B® — 1K}3(1430)%) = 0.06 + 0.13
Acp(B® — 1K3(1430)°) = —0.07 + 0.19
Acp(BY — pTK—)=—-008+0.24 (S=17)
Acp(BY — Kta~x0) =0.07 £ 0.11

Acp(B® — K*(892)t7~) = —0.05 + 0.14
Acp(B® — K*(892)°p%) = 0.09 + 0.19
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Acp(BY — a] KT) = —0.16 + 0.12

Acp(B® — K*(892)°xta) = 0.07 + 0.05
Acp(B® — K*(892)° Kt K~) = 0.01 + 0.05
Acp(B® — K*(892)°¢) = —0.01 + 0.06
Acp(B® — K*(892)0K—nt) =02+ 0.4
Acp(B® — ¢(Km)0) = 0.17 £ 0.15

Acp(B® — ¢K3(1430)%) = —0.12 £ 0.15
Acp(BY — pt7~) =0.08+£0.12 (S=20)
Acp(B® — p~7t) =016 +£023 (S=17)
Acp(BY — p070) = —05+05

Acp(B® — 21(1260)F 7 T) = —0.07 + 0.07
Acp(BY — byrt) = —0.05+0.10

Acp(B® — K*(1430)7) = —0.08 + 0.15
Acp(B® — ppK*(892)%) = 0.11 + 0.14
Acp(BY — pAn~) = —0.02 £ 0.10

Acp(BY — by KT) = —0.07 £ 0.12

Cp+(a010)- p+ (B® — D*(2010)” D*) = 0.23 = 0.13
Sp(2010)- p+ (B — D*(2010)7 DF) = —0.55 £ 0.21
Cp+(a010)+ p- (B® = D*(2010)7 D7) = 0.01 +
0.26 (S =2.0)
Sp(2010)+ p- (B = D*(2010)7 D7) = —0.74 £ 0.19
Cpt pi— (BY — D*FD*) = 0.02 £ 0.10
Spespr- (BY = D**D*7) = —0.67 +0.18
C, (B — D**D*") = —0.05+0.14
S; (B — D**D*) = —072+0.20
C_ (B — D**D*")=02+07
S_(B— D**D*)=-18+11
C (B — D*(2010)* D*(2010)~ K%) = 0.01 =+ 0.29
S(BO - D*(2010)+ D*(2010)~ K ) =01+04
Cpip- (B — DD~ )770.4105 (S=31)
Sp+p- (BY = D*D™)=-081+029 (S=11)
Cl/p(18) =0 (B® = J/yp(1S)7%) = —0.11 £ 0.20
Sy/p1s)-0 (B® — J/$(15)7%) = —0.69 £ 0.25
0 (*) poy —
CD(c*)p"" (BY — Dgph%) =—0.23+£0.16
0 (%) poy _
Sog},ho (B® — D) h0) = —0.56 + 0.24
0 0 40y —

SKgKg (B — KSKS) = —13 + 08

Cka ko (B — K%k%)=-04+04
C,958)K (BY — 1/(958)K2) = —0.04 £ 020 (S =2.5)
Sy(ossyk (B® — 1/(958)KY) = 0.43 £ 0.17 (S = 1.5)
Cyro (B — 7/K) = —0.09+£0.08 (S=15)
5,/:(0 (B® = 7'K% =0.61 +0.07
(BY - wK2)=-025+031 (S=1.6)
(B — wk®) =035+ 0.29

Co(s80) K2 (B — £(980)K%) = —0.03£0.26 (S =1.9)
Sio(s80) K3 (B — £(980)K%) = —0.02£0.21 (S=1.1)
CKSKSKS(B — KsKsKs) = —0.15+0.16 (S =1.1)

wKO

wKO
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Skeksks(BY = KsKsKg) = —04 405 (S=25)
Crr k- KY (B — K*K~K%)=0.07+0.08

Sk+ K- KQ (B® » KtK—K3) = -0747312

Cier k- KY (B® = KT K~ K% inclusive) = 0.01 = 0.09
Sk+ K- KQ (B® » K*K~K% inclusive) = —0.65 + 0.12
C¢K° (B — ¢K%) = —0.01£0.12

SoKQ (B — ¢K%) =039 £0.17

Ckg 0 (BY - K%n%) =0.14+0.11

SKgWO (B — K%n0)=038+0.19

C(BY - Kyn0n0)=02+05
S(B — ngoﬂ'o) =07+07
CK2W07(80 — K%7%9)=00+04 (S=21)

SKgﬁov(Bo — K2704) = —0.01 £ 0.30

Ch(892)0 (B® — K*(892)%4) = —0.12+ 0.30 (S = 1.8)

Sk(892)0, (B® — K*(892)%7) = —0.27 £ 0.26
C(BY = ply)=04+05
S(BY - p0y)=—-08+07
Con (BY = 7777) = —038+0.17 (S = 2.6)
Spn (B = 1r+ -) = —0.61+0.08
Coo0(B% — 7r %) = —0.48 + 0.30
Cor (B — pt77)=1001£014 (S=1.9)
Spr (B — pta~) =0.01 £ 0.09
AC,. (B® — ptr~) =0.37+0.08
ASP,, (BY = ptn~)=—-0.05+0.10
poﬂo (B = p%72% = —01+07
5,070 (B — p07%) =0.1+04
Cayn (B — a1 (1260) 77) = —0.10 £ 0.17
Sayn (B® — a1(1260)* 77) = 0.37 £ 0.22
ACy - (BY — a1(1260)" 77) = 0.26 + 0.17
AS; x (BY — a1(1260)F 7r7) = —0.14 4 0.22
C(B®— by Kt)=—-022+024
AC(B0 — bywt)=-1.04+024
pOKO (B — p°K%)=06+05
S0k (B — p°K%)=02+06
C,p (B — ptp™)=-0.05+013
Spp (BY = ptp7) = —0.06 +0.17
[A] (B — ¢cTK?) = 0.988 + 0.020
[A] (B® — J/pK*(892)%) < 0.25, CL = 95%
cos 26 (B® — J/yK*(892)%) = 1.7+37 (S = 1.6)
cos 23 (B — [K&rta~ ] h%) =1.0105 (S=18)
(Sy +S.)/2(BY - D*~7t) = —0.037 + 0.012
(S_ —S4)/2(BY — D*~7t) = —0.006 + 0.016
(Sy +S.)/2 (B — D™ nt) = —0.046 + 0.023
(S_ —S4)/2(B® - D~ at) = —0.022 + 0.021
(S; +S.)/2(B% — D™ pt) = —0.024 £ 0.032
(S_ —S4)/2(B"— D™ pt)=—0.10 £ 0.06
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sin(28) = 0.678 + 0.025
Cypko (B — J/HK®) = —0.018 + 0.025
S1/p ko (BY — J/pKO) = 0.642 £ 0.035
sin(2Ber)(BY — #K®) = 0.22 +0.30
sin(20e) (B® — KT K~ K%) = 0.77+013
Sin(28efr)(B® — [KEatm~ ] h°) =045 +0.28
[A| (B — [K nta~ ]y M) =1.01+£0.08
|sin(28 + 7)| > 0.40, CL = 90%
a = (96 + 10)°
B0 modes are charge conjugates of the modes below. Reactions indicate the

weak decay vertex and do not include mixing. Modes which do not identify the
charge state of the B are listed in the BX /B0 ADMIXTURE section.

The branching fractions listed below assume 50% BO9B0 and 50% B+ B~
production at the 7°(4S). We have attempted to bring older measurements up
to date by rescaling their assumed 7°(4S) production ratio to 50:50 and their
assumed D, Dg, D*, and + branching ratios to current values whenever this
would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All resonant
subchannels have been corrected for resonance branching fractions to the final
state so the sum of the subchannel branching fractions can exceed that of the
final state.

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
B0 DECAY MODES Fraction (T';/T) Confidence level (MeVc)
0 ypanything li] ( 10.3340.28) % -
et ve Xc (101 +0.4 )% -

D ¢t vyanything (96 £09)% -

D=ty il ( 21740.12) % 2309

D= rtu, (1.0 £0.4 )% 1909

D*(2010)~ ¢* 1, [iii] ( 5.16+0.11) % 2257

D*(2010)~ 71 v, ( 16 £05)% s=1.2 1837

DOn=ttu, ( 43 £06 )x1073 2308
D(2400)~ €1 1y x (2.0 £09 )x 1073 -

B(D;™ — D7)
D3(2460)™ €1 vy x ( 22 £06)x1073 2067
B(D;~ — D7)

D®nrety(n > 1) ( 24 £05)% -
DOr—rty, ( 49 +0.8 )x10~3 2256
D;(2420)" £ty x B(D] — ( 5.4 +21)x1073 -

5*0,”7)
D} (2430)~ ¢ty x B(D] — < 50 x1073  CL=90% -
5*071.7)
D3(2460)~ 1 1y x < 3.0 x1073  CL=90% 2067
B(D;” — D7)
ran?, [ii] ( 2.474£0.33) x 10~4 2583

Tty lii] ( 1.3640.09) x 10~4 2638
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Inclusive modes
K*anything (78 £8 )% -
DOX (81 £15)% -
DX (47.4 £28)% -
Dt X < 39 % CL=90% -
D™ X (369 +33)% -
DiXx (103 219 -
Dy X < 26 % CL=90% -
AT X < 31 % CL=90% -
A X ( 5.0 F21y% -
X (95 =+5 )% -
cX (246 £31)% -
ccX (119 +6 )% -
D, D*, or Dg modes
D~ rt ( 2.68+0.13) x 1073 2306
D~ pt ( 7.7 £1.3 )x1073 2235
~KOxt ( 49 £0.9 )x10~4 2259
D~ K*(892)* (45 +0.7 )x107% 2211
D~ wrt ( 28 £06)x103 2204
D~ K™t ( 2.0 +£06 )x10~4 2279
D~ KTK® < 31 x10=%  CL=90% 2188
D~ KtK*(892)° ( 88 +1.9 ) x 1074 2070
DOnt g~ ( 84 £09)x104 2301
D*(2010)~ #+ ( 2.76+0.13) x 1073 2255
D= atatga— ( 80 £25)x1073 2287
(D=7 * 7 77) nonresonant ( 3.9 £1.9 )x1073 2287
D—nt 0 ( 1.1 +£1.0 )x10~3 2206
D~ a;(1260)* ( 6.0 £33 )x103 2121
D*(2010)~ 7t x0 ( 15 +05)% 2247
D*(2010)~ p* ( 6.8 +£0.9)x1073 2180
D*(2010)~ K+ ( 2.14+0.16) x 10~4 2226
D*(2010)~ K07t ( 3.0 £08)x10~4 2205
D*(2010)~ K*(892)™ (33 +06)x104 2155
D*(2010)~ K+ K < 47 x107%  CL=90% 2131
D*(2010)~ K+ K*(892)° ( 1.29+0.33) x 103 2007
D*(2010) " nt ntn~ ( 7.0 £0.8 )x 1073 S=13 2235
(D*(2010)~ 7t 7t 7~ ) nonres- ( 00 +25)x1073 2235
onant
D*(2010)~ =t p° ( 57 +£32)x1073 2150
D*(2010)~ a; (1260)* ( 1.3040.27) % 2061
D*(2010) " wt ot 7~ 70 ( 1.7640.27) % 2218
D*~3rxt 27~ ( 47 £09)x1073 2195
D*(2010)~ pprt (65 +1.6)x10% 1707
D*(2010)~ p7 ( 15 +0.4 )x1073 1785
D*(2010) " wnt ( 2.89+0.30) x 103 2148
D;(2430)%w x B(D;(2430)° — (41 £16)x10~4 1992

D*~7)
Dzt
D1(2420)" 7t x B(D] —
D~ atz™)
Dy (2420)" 7t x B(D] —
D*atz7)

(21 +£1.0 )x10~3
23 -
( 89 F32)x1075

< 33 x107%  CL=90%
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D3(2460) " 7+ x
B(Dj(2460)~ — DO77)

D}(2400)~ 7+ x
B(Dg(2400)~ — DO77)

D3(2460) "t xB((D3)™ —
D* 7wt n7)

D3(2460)" p*

DODO

D*O 50

D—D*

D-Df

D*(2010)~ D

D-D}*

D*(2010)~ D

Dso(2317)” Kt x

B(Ds(2317)" — D7)
Dgo(2317)" 7T x
B(Ds(2317)~ — D, w0)

D, 7(2457)~ K+ x
B(D,;(2457)~ — D_ n0)

Dy y(2457) "t x
B(D,;(2457)" — D_ x0)

D, D}

DI~ DY

D~ DIt

D (2317)F D~ x
B(Dsp(2317)T —

Dyo(2317)F D~ x
B(Dso(2317)* — DiT)

Dgo(2317)F D*(2010)~ x
B(Ds(2317)* — D} #0)

D, ;(2457)T D~

D, 7(2457)T D~ x
B(Ds;(2457)" — Df )

D, ;(2457)T D~ x
B(Dy,(2457)* — Dit+)

D, ;(2457)F D™ x
B(Dsy(2457)F —
D;’ ataT)

D, ;(2457)T D~ x
B(Ds;(2457)* — D} x0)

D*(2010)~ D, ;(2457)F

D, 7(2457) D*(2010) x
B(D,;(2457)" — DY ~)

D™ D41 (2536) x
B(Ds1(2536)t — D*0KT)

D*(2010)~ Ds1(2536) 1 x
B(Ds1(2536)t — D*OK)

D™ Dg1(2536) 1 x
B(Ds1(2536)t — D*t K9)

+ 0
DS 77)

AN A

A

2.15+0.35) x 104

6.0 £3.0 ) x 1075

2.4 x 1075
4.9 x 1073
6 x 1075
2.9 x 10~4

2.11+0.31) x 1074
7.4 £0.7 )x 1073
8.3 +£1.1 )x 1073
7.6 +£1.6 ) x 1073
1.794+0.14) %

44 +1.4)x107°

25 x 1075
9.4 x 106
4.0 x 1076
3.6 x 1072
1.3 x 104
2.4 x 104
9.9 42 )x 1074
9.5 x 104

1.5 +0.6 ) x 1073

35 +£1.1 ) x 1073
1.7 .
6.7 T11)x1074

6.0 x10~4
2.0 x 10~4
3.6 x 10~4

9.3 £22 ) x 1073

0.9 -
23 199 ) x 1073

1.7 406 ) x 1074
33 +1.1 )x 1074

26 +1.1 )x 1074

2064

2090

CL=90% -

CL=90% 1977
CL=90% 1868

CL=90% 1794
S=1.2 1864
1812

1735

1731

1649

2097

CL=90% 2128
CL=90% -
CL=90% -

CL=90% 1759
CL=90% 1674
CL=90% 1583

S=1.5 1602

CL=90% -
1509
CL=90% -
CL=90% -
CL=90% -
1444
1336
1444
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D*~ D1 (2536) x
B(Ds1(2536)" — D*t KO)
D™D, ;(2573)" x
B(D,s(2573)" — DOKT)
D*(2010)~ D, ;(2573) T x
B(D,s(2573)" — DOKt)
D?W_
D:+ T
D;’ p-
D;+ p-
D;—a0
D5 ag
D ay(1260)~
Dt ay(1260)~
Dra;
Ditay
Dy K*
D" K+
DS K*(892)*
DI K*(892)*
D7t KO
DI~ at KO
D 7+ K*(892)°
DI nt K*(892)°
DYKO
DKt~
DO K*(892)°
D3(2460)~ K+ x
B(D3(2460)~ — D%77)
DO K+ 7~ non-resonant
DOr0
D0
DO,
D° n
D° ’r/’
DOw
D%
DOK* 7~
DO K*(892)°
5*0 5
D*(2007)% 70
D*(2007)0 p°
D*(2007)%7
D*(2007)%/
D*(2007)% 7t 7~
D*(2007)° KO
D*(2007)° K*(892)°
D*(2007)° K*(892)°
D*(2007)° nt wt 7= 7~
D*(2010)*" D*(2010)~
D*(2007)°w
D*(2010)* D~
D*(2007)° D*(2007)°

( 5.0 +1.7 )x10~4

< 1 x1074  CL=90%
< 2 x107%  CL=90%
( 1.53+0.35) x 1079
( 3.0 £0.7 )x107°
< 6 x107%  CL=90%
< 6 x1074%  CL=90%
< 19 X107  CL=90%
< 36 x107%  CL=90%
< 22 x1073  CL=90%
< 18 x1073  CL=90%
< 19 x1074%  CL=90%
< 20 x107%  CL=90%
(2.9 £05)x107°
(22 406 )x107°
< 8 x1074%  CL=90%
< 9 x10~4  CL=90%
< 5 x1073  CL=90%
< 26 x1073  CL=90%
< 31 x1073  CL=90%
< 17 x1073  CL=90%
( 5.2 +£0.7 )x107°
( 88 +1.7)x107°
( 42 +£06 )x107°
( 1.8 £05)x107°
< 37 x107%  CL=90%
( 2.61+0.24) x 104
( 32 +05)x1074
(1.2 £0.4 )x10~%
( 2.0240.35) x 1074 S=1.6
( 1.254+0.23) x 10~4 s=1.1
( 2.59+0.30) x 10~4
< 116 x107%  CL=90%
< 19 x107%  CL=90%
< 11 x107%  CL=90%
< 25 X107  CL=90%
( 1.7 £04 )x10~4 S=15
< 51 x107%  CL=90%
( 1.8 +06 )x1074 S=1.8
( 1.234+0.35) x 10~4
(6.2 £22)x1074
( 36 £1.2)x107°
< 69 x1075  CL=90%
< 40 x1075  CL=90%
( 27 £05)x 1073
( 82 +09)x1074
( 2.7 £0.8 )x10~4 S=1.5
( 61 +15)x10~4 S=1.6
< 9 X107  CL=90%

1336

1414

1303

2270
2215
2197
2138

2080
2015

2242
2185
2172
2112
2222
2164
2138
2076
2280
2261
2213
2031

2308
2237

2274
2198
2235
2182
2261
2213
2258
2256
2182
2220
2141
2248
2227
2157
2157
2219
1711
2180
1790
1715
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D~ DK+
D~ D*(2007)0 K+
D*(2010)~ DOK*
D*(2010)~ D*(2007)° K+
D~ Dt KO
D*(2010)~ DT KO +
D~ D*(2010)+ KO
D*(2010)~ D*(2010)* K©
D*~ Dy1(2536)% x
B(Ds1(2536)t — D*t K9)
DODOKO
DO D*(2007)0 KO +
D*(2007)° DO KO
D*(2007)° D*(2007)° K©
(D+D*)(D+D*)K

<

<
(

1.7 £0.4 ) x 1073
46 +1.0 )x 1073
31 108 ) %103
1.18+0.20) %

1.7 x 1073
6.5 +1.6 ) x 1073

7.8 +1.1 ) x 1073
8.0 £2.4 ) x 1074

14 x 1073
3.7 x 1073
6.6 x 1073
43 +£07 )%

Charmonium modes

Te KO
7e K*(892)°
J/¢(1S)K®
J/p(AS)Kta—
J/9(15) K*(892)°
J/$p(AS)nKY
J/p(1S)n' KL
J/(1S) ¢ KO
J/9(18) K(1270)°

7« 7~ nonresonant

J/(1S) KO p°
J/(1S) K*(892)t m—
J/9(1S) K*(892)0 nt 7~
X(3872)" Kt

X(3872)~ K+ x B(X(3872)~ —[mmm]

J/(18)n~ x°)
X(3872) KO x B(X —
J/prtaT)
X(3872) KO x B(X — DOD°x9)
X(3872) KO x B(X — D*0DO)
J/¢(15)pp
J/(18)y
J/¢(1S)D°
P(2S)K°
$(3770) KO x B(y» — DO DO)
$(3770) KO x B(yy — D~ DT)
P(S)Kt 7~
$(25) K*(892)°

(
(
(
(
(
(

—_~ e~~~

A

VARASANAN

—~

AN A

8.9 +1.6 )x10~%
9.6 +33 ) x 1074
8.71+0.32) x 104
1.2 406 ) x 1073
1.33+0.06) x 103
8 +4 )x107°
25 x 1075
9.4 +£26 )x 1070
1.3 405 ) x 1073
2.0540.24) x 107>
95 +1.9 ) x 10
46 +£09 )x 1075

1.2 x 1075
46 x 1076
2.7 +0.4 ) x 107>
2.7 x 104
9.2 x 1076
6.3 x 1072

1.0 +£0.4 ) x 1073
5.4 +3.0 )x 1074
8 +4 )x1074
6.6 £2.2 ) x 1074

5 x10~4
5.4 x 1076
1.03 x 1073

1.7 £0.8 ) x 1074

4.37 x10~4
8.3 x10~7
1.6 x 1076
1.3 x 1075
6.2 £0.6 ) x 1074
1.23 x 10—4
1.88 x10~4
1 x10—3

7.2 £0.8 )x 1074

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

1574
1478

1479

1366
1568
1473

1360
1336

1574
1478

1365

1753
1648
1683
1652
1571
1508
1271
1224
1390
1728
1672
1716
1716

1612
1609
1520
1546
1611
1390
1514
1447

1139

1139
1139

862
1731

877
1283
1217
1217
1238
1116
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Xco(1P) KO

Xco K*(892)°
XCZKO

Xc2 K*(892)°
Xcl(lP)KO
Xc1(1P) K*(892)°

AN NN A

1.13 x 104
7.7 x 104
2.6 x 1075
3.6 x 1073

( 3.9 +04 )x10~4
( 32 406 )x1074

K or K* modes

Ktn~

K070

n/}(O

7 K*(892)0

nK°

nK*(892)°

7;K3(1430)2

7 K35(1430)

wK?O

a0(980)° KO x B(ap(980)° —
nm)

a0(980)* KF x B(ap(980)* —
nm>)

a0(1450)F KF x B(ag(1450)* —

)
K% X° (Familon)
wK*(892)°
KtK-
;(07?0
KSKSKS
K2 KL K9
Ktr— 70
Ktp~
(K* 7~ x%) non-resonant
K)*(O ﬂ.O
KOzt 7~ charmless
K% 7+ 7~ non-resonant
P(O pO
K9 £,(980)
K*(892)*
K*(1430)* 7
K:+ T
K*(1410)* 7~ x
B(K*(1410)T — K%xt)
K*(1680) T 7~ x
B(K*(1680)T — KO%xt)
K3(1430)T 7~ x
B(K3(1430)* — KOr¥)

f0(980)K°>< B(f,(980) —
ataT)
f2(1270) KO x B(f,(1270) —
ataT)
K*(892)0 0
K3(1430)* 7
KOK— 7t

A

( 1.94+0.06) x 1075
9.8 +£0.6 ) x 1076
( 65 +£0.4 )x107°
( 38 +1.2 )x1076
1.9 x 106

( 1.59+0.10) x 1075
( 1.10+0.22) x 1075
(9.6 £21 )x107°
( 5.0 £0.6 )x 10
7.8 x 106
1.9 x10~6
3.1 x 106
5.3 x 1073
4.2 x10~6
41 x 107
+2.0
(96 T3 )x1077
+1.2
(6212 )x1076
16 X107

( 37 £05)x 1075
( 85 +28)x1076
9.4 x 106
6.1 +1.6 )x 1076
4.48£0.26) x 1075
1.99+0.31) x 10~
5.4 409 )x 1076
55 +£0.9 ) x 1076
9.8 +£1.3 ) x 10

50 108 ) %105

51 +1.6 )x 1076

3.8 x 1076
2.6 x 1076
2.1 x 1076

( 76 *19)x106

1.4 x 106
3.5 x10~6
6.3 x 1076
1.8 x 1073

CL=90%
CL=90%
CL=90%
CL=90%

S=1.2

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

S=1.3

CL=90%

S=1.7
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

1477

1411
1265

2615
2615
2528
2472
2587
2534
2415
2414
2557

2503
2593

2592

2521
2521

2609

2559

2609

2558

2524
2563

2358

2445

2524

2459

2563

2445
2578
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W*O KO + K*ORO
K+tK= 70
KOKt K-

K%

Ktn—ata—
K*(892)0 7t
K*(892)0 p0

K*(892)° £,(980)
Ki1(1400)t 7~
a1(1260)~ K+

by Kt x B(b; — wm7)

K*(892)0 K+ K~

K*(892)%¢
K*(892)0 K~ ot

K*(892)0K*(892)°
K*(892)0 K+~

K*(892)0 K*(892)°
K*(892)t p~
K*(892)* K*(892)~
K1(1400)° o0
K1(1400)° ¢
S(Km)s°

P(Km)d (1.60<my, <2.15)

Ki(1430)%¢
K*(1680)0 ¢»
K*(1780)% ¢
K*(2045)° ¢
K3(1430)0 0
K3(1430)%¢
K%¢o
7'y KO
K*(892)%
n KO’y
7' KOy
KO ¢
Ktn—
K*(1410)~
KT 7=~ nonresonant
KOzt T
Ktr= a0y
Ky(1270)%
K1(1400)°
K3(1430)%
K*(1680)%
K3(1780)%~
K3 (2045)0y

~ e~~~ o~ ~

AN ANANNANANA

/\A

AN AN A

1.9 x 106
1.9 x 1075
2.4740.23) x 1072
8.6 13 )x10°6
2.3 x 1074
54 +£05 )x 1075
56 +1.6 )x107°
43 x 1076
11 x 1073
1.6 +0.4 ) x 1073
74 +1.4 )x107°
2.75+0.26) x 107
95 £0.8 ) x 1076
46 +1.4 )x 1076

0.37 -
1.2819-3%) x 106

0
2.2 x10~6
41 x10~7
1.20 x 1072
1.41 x10~4
3.0 x 1073
5.0 x 1073
5.0 +0.9 )x 1076
1.7 x 1076
46 +09 )x107°
3.5 x 1076
2.7 x 106
1.53 x 1073
11 x 1073

7.8 +£13 ) x 107
17 -
a1 Tl ) x 1076
3.1 x 1075
4.01+0.20) x 107
1077022y 5 105

—015
6.6 x 1076
2.7 x 1076
46 +1.4 )x 1076
13 x 104
2.6 x 10~

1.95+0.22) x 1075
41 +£04 )x 1075

5.8 x 1075
15 x 1073
1.2440.24) x 10~3
2.0 x 1073
8.3 x 1073
43 x 1073

Light unflavored meson modes

Py
wy
ot

ata~

(
(

<

(

9.3 +2.1 ) x 107
2.0 -
a6 T390 ) x 1077
8.5 x 107
5.1340.24) x 10~

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

S=1.1

CL=90%

2579
2522

2516

2600
2557
2504
2468
2451
2471

2467
2460
2524
2485
2524
2485
2504
2485
2388
2339

2333
2238

2381
2333

2305

2564
2587

2516
2615
2450
2615
2609
2609
2486
2453
2447
2361
2341
2244

2583
2582

2541
2636
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7070 ( 1.6240.31)
7/7r0 < 13
nn < 18
o (15 753)
0 < 24
n'n < 17
7 p° < 13
7 (980) x B(f(980) — < 15
ntn)
np° < 15
1£(980) x B(f(980) — nt ™) < 4
wn < 19
wn' < 22
wpo < 15
wf(980) < 15
ww < 40
<;57r0 < 28
on < 6
o' < s
¢p° < 13
Pw < 12
foto) < 15
a0(980)E 7T x B(ag(980)* — < 31
nm¥)
a0(1450)* nF x B(ag(1450)F — < 23
na¥)
ata a0 < 72
070 ( 1.8 £05)
prrE leg] ( 2.2840.25)
rta ata— < 23
00 ( 11 +04)
p01%(980) x B(f(980) — < 53
ntr7)
f0(980) f0(980)>< B(f0(980) — < 16
ataT)?
a1(1260)F 7t [gg] ( 3.3 £05)
bf n% x B(bf — wrT) ( 1.09+0.15)
ap(1320)F 7% lgg] < 3.0
ata a0 < 31
ptp~ ( 2.4240.31)
a1(1260)° 70 < 11
wn? < 12
atata— a0 < 9.0
a1(1260)* p~ < 61
a1(1260)0 p0 < 24
atrtata—a—n™ < 3.0
a1(1260)* a1 (1260) < 28
atatete 7 x < 11
Baryon modes
pp < 11
pprta~ < 25
ppKO ( 2.7 £04)
O(1540)tpx B(O(1540)t — [sss] < 5

pKY)

x 1076
x 1076
x 1076

x 1076

x 1076
x 106
x10~6
x 1076

x 1076
x10~7
x 1076
x 1076
x 1076
x 1076
x 1076
x 107
x 107
x10~7
x 1075
x 1076
x10~6
x10~6

x 106

x 104
x 1076
x 1079
x 10~4
x 1076
x10~7

x 1077

x 1075
x 1075
x10~4
x 1073
x 1075
x 1073
x 1076
X 1073
x 1075
X 1073
x10~3
x 1073
%

x10~7
x10~4
x 1076
x 108

S=1.3
CL=90%
CL=90%

S=1.5

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

2636
2610
2582

2551

2460
2523
2492
2456

2553
2518
2552
2491
2522
2487
2521
2539
2511
2448
2480
2479
2435

2631
2581
2581
2621
2523
2488

2451

2494

2473
2622
2523
2495
2580
2609
2433
2433
2592
2336
2572

2467
2406
2347
2318
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£7(2220) KO x B(f;(2220) —

PP

pPK*(892)°
1(2220) Kg < B(f;(2220) —
_pP)

pAmT™

pX(1385)~

A%A

pAK™

B}__O T

AA

AOA°

AT A

Eo_;lﬁ

D: Ap

D*(2007)0 pp

D~ pprt

D*~ ppr™t

O.prt x B(6, — D~ p)

Ocprt x B(Oc — D*p)

—— ATt

M

91 s
T T
3
S

o
3
= |
3

T atw

SIS S S

3

Sie o s
T T
3 3
+ + + ©

AZ pmT ™ (nonresonant)
X (2520) " prt
T (2520)% pr™
X (2455)0 pr~
> (2455)" " pnt
A= At
AC AC _
Ac(2593)~ / Ac(2625)" p
= /\'C" xB(E; - Zta77)

+ 14— KO
A A K

Lepton Family number (LF) violating modes, or

ANNNNNANNNAN

A

<

~ e~~~ —~

(
(

4.5

1.5
1.5

3.2
2.6
9.3
8.2
3.8
3.2
1.5
11
1.14
29
1.03
3.38
4.8
9
1.4
1.0

21

5.9
5.07
2.74
1.25
6.4
1.2
3.8
1.5
2.2
6.2
1.1

9
8

x 1077
406 ) x107©
x 107
+0.4 ) x 1076
x 107
x 107
x10~7
x 106
x 107
x 1073
x 1074
+0.09) x 10~4
+0.9 ) x 1073
+0.13) x 10~4
+0.32) x 10~4
+05 ) x 1074
x 106
x 1075
x 1073
0 <107
x 104
x 1073
x 103
+0.35) x 10~3
+1.9 ) x10~4
+0.4 ) x 1074
x 1072
+05 ) x 1074
+0.7 )x10~4
x 1075
x 104
2 )x1078
+5 )x1074

AB = 1 weak neutral current (B1) modes

Yy BI
ete BI
ete BI
whus BI
phtumy B1
Tt B1
a0ty BI
7 B1

nlete BI

70 p"’ no B1
Koo+~ B1
KO B1
po 127 B1

KOete~ BI

Lii]

<

ANNNANNANNNANNANNANNA

A

(

6.2
1.13
1.2
15
1.6
4.1
1.2
2.2
1.4
51

2.9

1.6
4.4

1.3

x 1077
x 107
x10~7
x 1078
x10~7
x 1073
x10~7
x10~4
x10~7
x10~7
fig ) x 10— 7
x 104
x 104

16 <107

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

2135

2216

2401
2363
2364
2308
2383
2392
2335
2335
1862
1710
1788
1786
1707

1839

2021

1982
1882
1821
1934
1934
1860
1860
1895
1895
1319

1147

2640
2640
2640
2638
2638
1952
2638
2638
2638
2634

2616

2616
2583

2616
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B DECAY MODES

Fraction (T';/T)

KOput BI ( 57 F22)x1077 2612
K*(892)0 ¢+ ¢~ Bl [iil] ( 95 +1.8 )x10~7 2564
K*(892)0 et e™ BI ( 1047538 <1076 2564
K*(892)0 pt BI1 ( 1107532 <106 2560
K*(892)0vw B1 < 34 x107%  CL=90% 2564
VT B1 < 58 x107%  CL=90% 2541
et ¥ LF  [gg] < 9.2 x1078  CL=90% 2639
n0et T LF < 14 x10=7  CL=90% 2637
KOet T LF < 27 x1077  CL=90% 2615
K*(892)% et LF < 53 x10~7  CL=90% 2563
K*(892)%e~ put LF < 34 x10=7  CL=90% 2563
K*(892)0 e ¥ LF < 58 x10~7  CL=90% 2563
et LF  [gg] < 11 x10~%  CL=90% 2341
e LF  [gg] < 38 x1075  CL=90% 2339
invisible BI < 22 x107%  CL=90% -
VU BI < a7 X107  CL=90% 2640
B*/B® ADMIXTURE
CP violation
Acp(B — K*(892)7) = —0.010 + 0.028
Acp(B — sv) =0.01 £+ 0.04
Acp(b — (s+d)y) = —0.11 £ 0.12
Acp(b — Xglt ™) =—-022 +0.26
The branching fraction measurements are for an admixture of B mesons at the
T(4S). The values quoted assume that B(7(4S) — BB) = 100%.
For inclusive branching fractions, e.g., B — p* anything, the treatment of
multiple D’s in the final state must be defined. One possibility would be to
count the number of events with one-or-more D’s and divide by the total num-
ber of B’s. Another possibility would be to count the total number of D’s and
divide by the total number of B’s, which is the definition of average multiplic-
ity. The two definitions are identical if only one D is allowed in the final state.
Event though the ”one-or-more” definition seems sensible, for practical reasons
inclusive branching fractions are almost always measured using the multiplicity
definition. For heavy final state particles, authors call their results inclusive
branching fractions while for light particles some authors call their results mul-
tiplicities. In the B sections, we list all results as inclusive branching fractions,
adopting a multiplicity definition. This means that inclusive branching fractions
can exceed 100% and that inclusive partial widths can exceed total widths, just
as inclusive cross sections can exceed total cross section.
B modes are charge conjugates of the modes below. Reactions indicate the
weak decay vertex and do not include mixing.
Scale factor/ p

Confidence level (MeV/c)

Semileptonic and leptonic modes

B — et veanything [tte] (1074 + 0.16 ) %

B — petveanything < 59 x 1074 CL=90%
B — ptw,anything [ttf] ( 10.74 + 0.16 ) %
B — (T yjanything [iiittt]  ( 10.74 + 0.16 ) %

B — D~ {tvpanything lil] ( 2.8 + 09 )%

B — DY/t yyanything il (72 £ 14 )%

B— Drtu. ( 86 +27 )x1073

B — D* (tysanything  [wwu] ( 67 + 1.3 )x1073
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B— D*rtu,
B — D**/(¢ty,

thing

B — Dr{tvyanything +

D* T vpanything

B — D7{T ypanything
B — D*r(*ysanything
B — D3(2460) (T vpany-

thing

B — D*~gnt(tysany-

thing
B — D ¢T vsanything

B — D, Ty Ktany-

thing
B — D ¢*yyKOany-
thing
B — (Tu, charm
B — )(u€+_ug
B — 7wly,
B — KT {Typanything
B — K~ {*ypanything

B — KO9/K%¢* v anything

[iii,vwv]

B — D;(2420) ¢t ypany-

fiii] <
fiii] <

Liii] <

Liii]
[iii]
Liii]

( 162 + 033)%
(27 £07 )%
( 38 +13 )x1073

(26 +05 )%
(15 +06 )%

(1.9 +04 )%
( 44 + 16 )x1073

H-

( 1.00 + 034)%

7 x 1073

5 x 1073

7 x 1073
(1057 + 0.15 ) %
( 233 £ 022 )x10°3
( 135 + 010 ) x10~4
(62 +£05 )%
(10 +4 )x1073
(45 +£05 )%

D, D*, or Dg modes

B — D*anything (235 +13 )%
B — D°/DOanything (625 +29 )%
B — D*(2010)* anything (225 +15 )%
B — D*(2007)%anything (260 +27 )%
B — Dsianything leg] ( 85 +£08 )%
B — D:i*anything (65 +10 )%
B— DD (35 +06 )%
B— DMDH KO 4 lggwww] (71 * 27 g
D)D) K+
b— c¢Cs (22 &+ ) %
B — Ds(*)D(*) [ggwww] ( 40 =+ 04 )%
B — D*D*(2010)* lgg]l < 5.9 x 103
B — DD*(2010)* + D*D* [gg] < 55 x 103
B — DD* lgg] < 31 x 1073
B — DS(*)iB(*)X(nWi)[gg,wwW] (9 * 2 ) %
B — D*(2010)~y < 11 x 1073
B — D;rﬂ", D;‘Jrﬂ’, leg] < 4 x 104
+ = prt - pt.0
Ds+p 0 D;+p : D+57r ’
* *
AR
*
Ds+p DT p, Dy w,
*
DS w
B — Ds1(2536)" anything < 95 x 1073

B — J/4(1S)anything

B — J/v(1S)(direct) any-

thing
B — (2S)anything
B — xc1(1P)anything

Charmonium modes

( 1094+ 0.032) %
(78 £ 04 )x1073

( 307 + 021 )x1073
( 386 + 027 )x 1073

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

S=1.1
S=1.1

1711

1866

2257
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B — xc1(1P)(direct) any- ( 316 + 025 )x 1073 -
thing
B — xc2(1P)anything (13 +04 )x1073 S=1.9 -
B — xc2(1P)(direct) any- ( 165 + 031 )x1073 -
thing
B — nc(1S)anything < 9 x 1073 CL=90% -
B — X(3872)K x B(X — (12 + 04 )x1074 1141
DODO 70)
B — K X(3945) x ox] (71 + 34 )x107° 1083
B(X(3945) — wJ/v))
K or K* modes
B — K% anything leg] (789 £ 25 )% -
B — K*anything (66 +5 )% -
B — K™ anything (13 +4 )% -
B — K%/K%anything lgg] (64 +4 )% -
B — K*(892)* anything (18 +6 )% -
B — leg] (146 + 26 )% -
K*(892)0 /K*(892)%any-
thing
B — K*(892)~y (42 +£06 )x107° 2564
B — nK~y (85 t18 y,106 2588
B — Ky(1400)y < 127 x 104 CL=90% 2453
B — K3(1430)y (17 + 38 yx10d 2447
B — Ky(1770)y < 12 x 1073 CL=90% 2342
B — K3(1780)y < 37 x 1075 CL=90% 2341
B — Kj;(2045)y < 10 x 1073 CL=90% 2244
B — K1n/(958) (83 £ 11 )x107° 2528
B — K*(892)%'(958) (41 +11 )x1076 2472
B— Kn < 52 x 1076 CL=90% 2588
B — K*(892)n ( 18 +05 )x107° 2534
B— Koo (23 £09 )x106 2306
B— b— sy ( 356 + 025 )x104 -
B — b — Sgluon < 68 % CL=90% -
B — nanything < 44 x 1074 CL=90% -
B — 1 anything (42 £09 )x1074 -
Light unflavored meson modes
B — py ( 136 + 030 ) x10© 2583
B — plwy ( 128 + 021 )x1076 -
B — = anything legyyyl (358 +7 )% -
B — 70 anything (235 11 )% -
B — n anything (176 + 16 )% -
B — pP anything (21 5 )% -
B — w anything < 81 % CL=90% -
B — ¢ anything ( 343 £ 012)% -
B — ¢K*(892) < 22 x 1072 CL=90% 2460
Baryon modes
B — AL /A7 anything (45 +£12 )% -
B — A7 et anything < 23 x 1073 CL=90% -
B — AZ panything (26 +08 )% -
B — AZpetu, < 10 x 1073 CL=90% 2021
B — X _~ anything (42 + 24 )x10-3 -
B — X anything < 96 x 1073 CL=90% -
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B — X%anything ( 46 + 24 )x1073

B— TUN(N=porn) < 15 x1073  CL=90%

B — ganythmg ( 193 + 030 )x10~4 S=1.1
X B(:_C —7t)

B— =} anythlng (a5 + ig ) x 1074
x B(=} =t o Zoqatat)

B — p/panythmg [eg] ( 80 + 04 )%

B — p/p(direct) anything [eg] ( 55 £ 05 )%

B — A/ Aanything [eg] ( 40 £ 05 )%

B — =~ /Z%anything [gg]l ( 27 + 06 )x1073

B — baryons anything (68 +06 )%

B — ppanything ( 247 £ 023)%

B — Ap/Apanything [gg]l ( 25 + 04 )%

B — AAanything < 5 x 1073 CL=90%

Lepton Family number (LF) violating modes or
AB = 1 weak neutral current (B1) modes

B — sete~ BI ( 47 £ 13 )x10°6
B — sutu~ BI (43 +12 )x1076
B — stty~ Bl [iii] ( 45 £ 10 )x107°
B— wti~ < 91 x 108 CL=90%
B — Kete™ BI (38 £38 yxw 7
B — K*(892)ete~ BI ( 113 + 027 )x106
B— Kutpu~ B1 (a2 £932 yxw 7
B — K*(892)utpu~ B1 ( 103+ 3281076
B— K¢ti~ BI (39 +07 )x107 S=1.2
B — K*(892)¢t ¢~ BI1 (94 + 18 )x1077 s=1.1
B — setu T LF  [gg] < 22 x1075  CL=90%
B — wetuF LF < 92 x1078  CL=90%
B — petruF LF < 32 x 106 CL=90%
B— Ket,¥ LF < 38 x1078  CL=90%
B — K*(892)e* uF LF < 51 x1077  CL=90%

1938

2638
2617
2564
2612

2560

2617
2564

2637
2582
2616
2563

B*/B0/BY/b-baryon ADMIXTURE

These measurements are for an admixture of bottom particles at high
energy (LEP, Tevatron, SppS).

Mean life 7 = (1.568 + 0.009) x 10712 s

Mean life 7 = (1.7240.10)x 10712 s Charged b-hadron admixture
Mean life 7 = (1.58 + 0.14) x 107125 Neutral b-hadron admixture

T charged b—hadron /T neutral b—hadron = 1.09 + 0.13
|ATp|/7,5 = —0.001 £ 0.014

The branching fraction measurements are for an admixture of B mesons and
baryons at energies above the 7(4S). Only the highest energy results (LEP,
Tevatron, SppS) are used in the branching fraction averages. In the following,
we assume that the production fractions are the same at the LEP and at the
Tevatron.

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.
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The modes below are listed for a b initial state. b modes are their charge
conjugates. Reactions indicate the weak decay vertex and do not include mixing.
— Scale factor/ p
b DECAY MODES Fraction (T';/T) Confidence level (MeV/c)

PRODUCTION FRACTIONS

The production fractions for weakly decaying b-hadrons at high energy
have been calculated from the best values of mean lives, mixing parame-
ters, and branching fractions in this edition by the Heavy Flavor Averaging
Group (HFAG) as described in the note “B0-BO Mixing” in the BO Parti-
cle Listings. The production fractions in b-hadronic Z decay are also listed
at the end of the section. Values assume

B(b — BT)=B(b — BO)

B(6— B*)+B(b — BY) +B(b — BY) + B(b — b-baryon) =

The notation for production fractions varies in the literature (fy, d

BO’

f(b — BY), Br(b — BY)). We use our own branching fraction notation
here, B(b — B9).

Bt

BO
b-baryon
Bc

vanything
(T ypanything
et veanything
wF v, anything

D~ ¢t ypanything

(399 + 1.1)%
(399 + 1.1)%
(110 £ 1.2)%
(92 +19)%

DECAY MODES

Semileptonic and leptonic modes

[ii]

Lii]

D~ nt ¢t yyanything
D~ = ¢t vpanything

DO ¢t v anything

Liii]

DO 7~ ¢+ yyanything
DO 7t ¢+ ypanything

D*~ ¢* ypanything

[ii]

D*~ 7~ ¢t v anything
D*~ 7t ¢ty anything
D?E*’ vpanything x B(Djf.J —}iii,z2z]

D*t ™)

Dy ¢t yyanything x

[iii,zzz]

B(D; — Do)
D3(2460)° ¢+ vy anything
x B(D3(2460)° —

D*~ )

D3(2460)~ T vpanything x
B(D3(2460)~ — D7)

D3(2460)0 ¢+ vpanything x
B(D3(2460)° — D~ x%)

charmless (7,

fiii]

(231 +15)%
10.69+ 0.22) %

10.86+ 0.35) %

1095+ 0:22) 9

23 4+ 04)%

1.07+ 0.27) %

2.75+ 0.19) %

(

(

(

(

(

(

( 6.84% 0.35)%
(

(

(

(6 +7
(

(

S=1.8

1.9 )x 1073
16 )x 1073
16 )x 1073

)y x 104
1.0 )x 1073

26 + 09 )x1073

(70 £ 23)x1073

14 x 1073

(a2t

CL=90%

%g ) x 10—3

( 1.6 + 0.8 )x1073

(1.7 + 05 )x1073

100 %.
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71 v anything ( 241+
D*~ Tv, anything (9 =+
T — (" vyanything [iil]  ( 8.02+
¢ — ¢t vanything (16t
Charmed meson and baryon
DY anything (596 +
DODfanything lgg]l ( 91t
DF Dsianything lggl ( 40t
DO DOanything gl ( 51 7F
DO D*anything gl ( 27 7t
D* DF anything lgg]l < 9
D~ anything (231 =+
D*(2010)* anything (173 +
D1 (2420)° anything ( 50 +
D*(2010)$Dsianything lggl ( 33 %
DO D*(2010)* anything lggl ( 30t
D*(2010)* DF anything gl ( 25 ©
D*(2010)* D*(2010)F anything  [gg] ( 1.2 +
D Danything (w0 *
D3(2460)° anything (47 %
D¢ anything (15.0 +
+ .
Di anyth_mg (101 +
/¢ anything (97 +
€/ c anything [yyyl (1162 +
Charmonium modes
J/¥(1S)anything ( 116+
1(2S)anything ( 48 +
Xc1(1P)anything (1.3 +
K or K* modes
Sy (31 +
Svv < 6.4
K*+anything (74 =+
Kganything (290 +
Pion modes
wianything (397 +
70 anything byl (278 =+
¢anything ( 2.82+
Baryon modes
p/Panything (131 +
Other modes
charged anything lyyyl (497 +
hadron*t hadron— (17t

charmless

(7 +

0.23) %
4 )x10-3
0.19) %

08 )%
modes
2.9)%
35)%

)%

N =N

.3
.8
§)%
§)%

x 1073
17 )%

20)%
15 )%

CL=90%

=

o~
o
X

0.10) %
24 )x1073
0.4 )%

11 )x1074
x 104

6 )%

29)%

CL=90%

21 )%
60 )%
0.23) %

11)%

7 )%
1.0 -
09 )x1078
21 )x1073
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Baryon modes
A/ Aanything ( 59 +06)% -
b-baryon anything (102 £ 28)% -
AB = 1 weak neutral current (B1) modes
pt ™ anything BI < 32 x 1074 CL=90% -
B* 10P) =307
I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass Mp. = 5325.1 + 0.5 MeV
Mp. — Mg = 45.78 £ 0.35 MeV
B* DECAY MODES Fraction (I';/T) p (MeV/c)
B~ dominant 45
By (5721)° 1UP) = 3at)
I, J, P need confirmation.
B;(5721)° MASS = 5720.7 + 2.7 MeV
mB? — Mgy = 4415 £ 2.7 MeV
By (5721)0 DECAY MODES Fraction (I';/T) p (MeVyc)
B*t o~ dominant -
B3(5747)° 1UP) = 32%)
I, J, P need confirmation.
B5(5747)° MASS = 5746.9 £ 2.9 MeV
mBgo — mB[l) =26.2 £ 3.2 MeV
B3(5747)0 DECAY MODES Fraction (I';/T) p (MeV/c)
Bt~ dominant 428

B*t o~ dominant
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BOTTOM, STRANGE MESONS
(B==+1,5=71)

0_ 5 BO _ < - ,
By = sb, By =5b, similarly for B; S

Bg

1(JPy = 0(0™)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass Mgo = 5366.3 4+ 0.6 MeV
s
Mean life 7 = (1.470f8:8%$) x 10712 g
cr = 441 pym
B2-BY mixing parameters
Amgy =My — My = (17.77 £ 0.12) x 1012 s~ 1
B0 = Mgy, ~ et = ) ’
= (117.0 4+ 0.8) x 10710 MeV
Xs = Ampgo /T go = 26.1 £ 0.5
S s
Xs = 0.49927 £ 0.00003

CP violation parameters in BY
Re(ego) / (1 + Jego|?) = (—0.75 + 2.52) x 1073
s S
CP Violation phase g in the B9 System = 0.3573:20

These branching fractions all scale with B(b — BY), the LEP BY production
fraction. The first four were evaluated using B(b — Bg) = (10.7 £ 1.2)% and
the rest assume B(b — Bg) = 12%.

The branching fraction B(Bg — D; 2 vpanything) is not a pure measure-
ment since the measured product branching fraction B(b — Bg) X B(Bg —
DS ot vpanything) was used to determine B(b — Bg), as described in the
note on “B0-BO Mixing”

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

Scale factor/ p
Bg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dy anything (93  £25 )% -
Dy (T ypanything [aaaa] (79 + 24)% -
Dt (32 + 09)x1073 s=1.3 2320
Dyntrta (84 + 33)x1073 2301
Ds )+ pg(¥) = (49 t 3% 5=12 -
DDy (11 + 04)% 1823
Dt D <121 % CL=90% 1742
Dt D%~ <257 % CL=90% 1655
J/¥(1S)é (93 + 33)x1074 1587
J/p(18) 70 < 12 x1073  CL=90% 1786
J/¥(1S)n < 38 x1073  CL=90% 1733
P(2S) ¢ (48 + 22)x1074 1119
ata~ < 17 x1076  CL=90% 2680
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7070 < 21 x 1074  CL=90% 2680
nm0 < 1.0 x10~3  CL=90% 2653
nn < 15 x1073  CL=90% 2627
s < 320 x10~%  CL=90% 2569
ép° < 617 x10~4  CL=90% 2526
X (1.4 + 08)x1075 2482
at K~ < 56 x1076  CL=90% 2659
KT K= (33 + 09)x107° 2637
K*(892)° p0 < 167 x10=%  CL=90% 2550
K*(892)° K*(892)° < 1.681 x1073  CL=90% 2531
dK*(892)0 < 1.013 x10~3  CL=90% 2507
PP < 59 x107%  CL=90% 2514
vy B1 < 53 x107%  CL=90% 2683
oy < 12 x10™4  CL=90% 2586
Lepton Family number (LF) violating modes or
AB = 1 weak neutral current (B1) modes
whp~ BI < 47 x1078  CL=90% 2681
ete” BI < 5.4 x 1072  CL=90% 2683
et ¥ LF  [gg] < 6.1 x107%  CL=90% 2682
#(1020) ™t p— B1 < 32 x107®  CL=90% 2582
a7 BI < 5.4 x1073  CL=90% 2586
* Py nrq—
B; 1(JF) =0(17)
I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.
Mass m = 5412.8 + 1.3 MeV (S =1.2)
mp; — mp, =465 £ 12 MeV (S =1.1)
B¥ DECAY MODES Fraction (I';/T) p (MeV/c)
Bsy dominant -
B (5830)° 1uP) = 3at)
I, J, P need confirmation.
Mass m = 5829.4 + 0.7 MeV
Mgo — Mgy = 504.41 4 0.25 MeV
sl
Bg;(5830)0 DECAY MODES Fraction (I';/T) p (MeVjc)
B*t K~ dominant -
1
B2,(5840)° 10P) = 32h)
I, J, P need confirmation.
Mass m = 5839.7 + 0.6 MeV
Mpo — M =10.5 £ 0.6 MeV
Bsg Bgl
B,(5840)0 DECAY MODES Fraction (I';/T) p (MeV/c)
Bt K~ dominant 252
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BOTTOM, CHARMED MESONS
(B=C=+1)

Bl = cb, B =<¢b, similarly for BX's

B* 1(JPy = o(07)
I, J, P need confirmation.
Quantum numbers shown are quark-model predicitions.
Mass m = 6.276 + 0.004 GeV
Mean life 7 = (0.46 + 0.07) x 10712 s

BE modes are charge conjugates of the modes below.

p
B'J_' DECAY MODES x B(b — B¢) Fraction (T';/T) Confidence level (MeV/c)
The following quantities are not pure branching ratios; rather the fraction
I;/f x B(b— B).
J/9(1S)¢* vpanything (52734 x 1075 -
J/p(LS)mt <82 x 1073 90% 2371
J/p(AS)ntrt <57 x 1074 90% 2351
J/1(15) a1 (1260) <12 x 103 90% 2170
D*(2010)+ D° <62 x 103 90% 2467
cc MESONS
1c(1S) 16(UPC) =0t~ )
Mass m = 2980.3 + 1.2 MeV (S = 1.7)
Full width T = 26.7 & 3.0 MeV (S = 2.0)
p
1¢(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Decays involving hadronic resonances

n'(958) T (41 £1.7)% 1321
pp (20 £0.7)% 1272
K*(892)° K= nt + c.c. (20 £07)% 1275
K*(892) K*(892) (9.2 £3.4 ) x10 1194
K OR*0 7t (15 +£08 )% 1071
OKT K™ (29 £1.4 )x10-3 1102
Ior) (2.7 409 )x1073 1087
¢2(rt ) < 47 x 1073 90% 1249
ap(980) 7 < 2 % 90% 1324
a(1320) 7 < 2 % 90% 1194
K*(892)K + c.c. < 1.28 % 90% 1308
,(1270)n < 11 % 90% 1143
ww < 31 x 1073 90% 1268
wo < 17 x 1073 90% 1183
£(1270) £,(1270) (10 *32)% 7
£(1270) f}(1525) (8 +4 )x1073 508
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Decays into stable hadrons
KKn (7.0 £1.2)% 1379
T (49 +1.8)% 1427
“KtK- (1.5 +0.6 )% 1343
KTK=2(zt77) (10 +4 )x1073 1252
2(KTK™) (15 407 )x 1073 1053
2(nt77) ( 1.2040.30) % 1457
3(rt7r7) (20 £0.7 )% 1405
pp (1.3 +£0.4 )x 1073 1158
AA (1.0440.31) x 1073 988
KKn < 31 % 90% 1263
atn~pp < 12 % 90% 1024
Radiative decays
7y (24 t11yx10-4 1490
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata~ PCP < 87 x 1074 90% 1484
7070 PCP < 56 x10~4 90% 1484
KT K= PCP < 76 x 1074 90% 1406
K2 kY PCP < 42 x 1074 90% 1405
J/9(1S) 16(UPCYy =0—(1— )
Mass m = 3096.916 £ 0.011 MeV
Full width T' = 93.2 + 2.1 keV
[ee = 5.55 £ 0.14 £ 0.02 keV
Scale factor/ p
J/¢(1S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
hadrons (87.7 £0.5 ) % -
virtualy — hadrons (13.50+0.30) % -
ete~ ( 5.94+0.06) % 1548
utu~ ( 5.93+0.06) % 1545
Decays involving hadronic resonances
o (1.69+0.15) % S=24 1448
pOr0 (5.6 +£07 )x1073 1448
a,(1320)p (1.09£0.22) % 1123
wrtata=7n~ (85 +3.4)x103 1392
wrt 70 (40 07 )x 1073 1418
wrtm (86 £0.7 )x1073 s=1.1 1435
wf(1270) (43 +06)x1073 1142
K*(892) K3(1430)% + c.c. (6.0 £0.6 )x 1073 1012
K*(892)0K,(1770)° + c.c. — (6.9 +09 )x 1074 -
K*(892)° K~ 7t + c.c.
wK*(892)K + c.c. (61 409 )x 1073 1097
K+ K*(892)™ + c.c. ( 5.1240.30) x 10~3 1373
K+ K*(892)~ + c.c. — ( 1.9740.20) x 1073 -
Kt K= 70
K+ K*(892)™ + c.c. — (3.0 £04 )x 1073 -
_ KOKE T
KOK*(892)0 + c.c. (439+0.31) x 1073 1373

KOK*(892)% + c.c. —
KOK*7F

(32 +£0.4 )x1073
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K1 (1400)* KF (38 +1.4 )x 1073
K*(892)0 Kt 7~ + c.c. seen
w70 (3.4 £08)x10-3
by (1235)F lgg] (3.0 £05)x10~3
wKEKY 7T lgg] (3.4 +05)x10-3
by (1235)0 70 (2.3 £0.6 )x 1073
nKEKYaT lgg] (2.2 0.4 )x10~3
#K*(892)K + c.c. ( 2.1840.23) x 1073
wKK (1.6 £05)x10~4
wfh(1710) - wKK (48 £1.1)x1074
p2(nt 7)) ( 1.66+0.23) x 10—3
A(1232) T pr— (1.6 £05)x 1073
wn ( 1.74+0.20) x 1073
dKK ( 1.83+0.24) x 1073
#f(1710) — ¢oKK (36 +£0.6)x1074
A(1232) T A(1232)~~ (1.10£0.29) x 1073
5 (1385)~ X(1385)7 (or c.c.) lgg] ( 1.03+0.13) x 10~3
¢} (1525) (8 +4 )x107*
ort (9.4 £09 )x10~4
070 (56 +16)x10~4
dKEKLRT lgg] (7.2 £0.8 )x10~4
wf1(1420) (6.8 +£2.4 )x10~%
on (75 +08 )x1074
=(1530)"=* (59 £1.5)x 1074
pK~X(1385)0 (51 £3.2)x1074
wr (45 £05 ) x107%
on'(958) (4.0 £0.7 )x 1074
¢ 1(980) (3.2 £0.9 )x10~%
61(980) — ¢t A~ (1.8 +£0.4 )x 1074
#1(980) — ¢m0x0 (1.7 £0.7 )x 1074
Z(1530)0 =0 (32 +14 )x1074
> (1385)~ X+ (or c.c.) lgg] (3.1 +05)x1074
¢ f(1285) (26 £05 ) x 104
nat o™ (40 £1.7 )x 1074
on ( 1.934+0.23) x 10~4
wn’(958) ( 1.82+0.21) x 1074
w(980) (1.4 +£05)x107%
o1 (958) ( 1.05+0.18) x 10~%
a,(1320)F 7 F lgg] < 43 x 103
K K3(1430)+ c.c. < 40 x 1073
Ky(1270)* KF < 3.0 x 1073
K3(1430)0 K3(1430)° < 29 x10~3
K*(892)0K*(892)° (23 £07)x1074
¢ (1270) (7.2 £1.3 )x 1074
¢n(1405) — onmm < 25 x 1074
w4 (1525) < 22 x10~4
X (1385)°4 < 2 x 104
A(1232)*p <1 x 1074
O(1540) O(1540) — < 11 x 1073
K%pK=7+ cc.
O(1540)K~1 — KYpK~—7 < 21 x10~5
9(1540)K%ﬁ — KYpK+n < 16 x 1075
O(1540)K* n — KIpK+*n < 56 x 1075

S=1.6
S=1.5

S=2.7
S=1.2

S=1.4
S=2.1
S=1.9

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

1170
1343
1436
1300
1210
1300
1278

969
1268

878
1318
1030
1394
1179

875

938

697

1365
1366
1114
1062
1320

600

646
1446
1192
1182

608

855
1032
1487
139%
1279
1271
1281
1263
1159
1231

604
1266
1036

946
1003

912
1100
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O(1540)K%p — KipK~—7 < 11 x 1075  CL=90% -
30A < 9 x107%  CL=90% 1032
¢ < 64 x1076  CL=90% 1377

Decays into stable hadrons

2rt ) a0 (41 £05)% S=24  14%
3(nt )70 (29 +0.6 )% 1433
ata a0 (2.07+0.13) % s=17 1533
atraOK+ K- (1.79+0.29) % S=22 1368
4(rt ) a0 (9.0 £3.0 ) x 1073 1345
rtr Kt K— (66 £05)x1073 1407
Tt KtK™p (1.8440.28) x 1073 1221
00K+ K- ( 2.45+0.31) x 1073 1410
N6 (980) — nént (32 +£1.0 )x 1074 -
KKn (6.1 +£1.0 )x103 1442
2(nt7r7) ( 3.55+0.23) x 1073 1517
3(rtrT) (43 404 )x1073 1466
2(rt 7~ 70) (1.6240.21) % 1468
2(rta7)n (12.29+0.24) x 1073 1446
3(rta)n (72 15 )x1074 1379
PP ( 2.1740.07) x 1073 1232
ppm® ( 1.09+£0.09) x 10—3 1176
pprnt o~ (6.0 £05)x1073 s=1.3 1107
pprt a0 [bbbb] (2.3 +£0.9 ) x 10-3 s=1.9 1033
PPN ( 2.0940.18) x 10~3 948
pPp < 3.1 x 1074 CL=90% 774
ppw (1.1040.15) x 10~3 s=1.3 768
ppn'(958) (9 +4 )x1074 S=1.7 59
ppo (45 +1.5)x107> 527
nn (22 404 )x1073 1231
nAnt ™ (4 +4 )x1073 1106
0¥ ( 1.29+0.09) x 10—3 988
2Azrt T )KT K= (47 £07 )x 1073 S=13 1320
pAT™ ( 2.1240.09) x 10—3 1174
nN(1440) seen 978
nN(1520) seen 924
nN(1535) seen 914
== (1.8 £0.4 )x 1073 S=1.8 818
AA ( 1.61+0.15) x 1073 $=20 1074
AZ =7t (or c.c.) lgg] (83 +07)x10~% s=1.2 950
pK—A (89 +1.6 )x10~4 876
2(KTK™) (76 09 )x10~4 1131
pK— X0 (2.9 +08 )x 1074 819
KTK— ( 2.374+0.31) x 1074 1468
K2 K9 ( 1.46£0.26) x 10~4 S=27 1466
AAn (2.6 £0.7 )x 1074 672
AA7R0 < 6.4 x107%  CL=90% 998
AnK%+ cc. (65 +1.1)x10~4 872
atn™ ( 1.47+£0.23) x 10~4 1542
AL+ cc. < 15 x 1074 CL=90% 1034
K2 K¢ <1 x1076  CL=95% 1466
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Radiative decays

Yne(1S) (1.3 £04)%
yrt =270 (83 +£3.1)x1073
ynmww (61 £1.0 )x103
y1p(1870) — ypata~ (62 +£2.4 )x10~4
yn(1405/1475) — vKKm [Pl (28 +06)x1073
yn(1405/1475) — ~~ p° (7.8 £2.0 )x 1075
~vn(1405/1475) — ~ynnta~ (3.0 £05 )x 104
vn(1405/1475) — vy ¢ < 82 x 1073
Ypp (45 +08)x103
v pw < 54 x 1074
Ypd < 88 x 1075
1’ (958) ( 4.7140.27) x 1073
~y2rt on~ (28 £05)x1073
v (1270) £,(1270) (95 +1.7 ) x 1074
v£(1270) ,(1270) (non reso- (82 +1.9)x1074
nant)
yKTK—ntn~ (21 +£06 )x103
~(2050) (2.7 £0.7 )x 1073
yww ( 1.6140.33) x 1073
yn(1405/1475) — ~p° p° (1.7 +04 )x1073
~(1270) ( 1.43+0.11) x 1073
vf(1710) - KK (85 Tg3)x1074
vf(1710) — yrmw (4.0 +£1.0 )x1074
v (1710) —» yww ( +1.0 ) x 1074
n (94 +1.0 ) x 1074
v (1420) - vKKm (79 13 )x10~4
~1(1285) (6.1 £0.8 )x107%
~vf(1510) — ynprta~ (45 £1.2 )x 1074
~ 5 (1525) (45 T37 )yx104
vH(1640) — yww (28 +1.8)x1074
vH(1910) - yww (2.0 +1.4 )x1074
v£(1950) — v K*(892) K*(892) (7.0 £22 ) x 1074
v K*(892) K*(892) (4.0 £1.3 )x1073
Yop (4.0 +1.2 )x1074
PP (3.8 +1.0 )x 104
~v1(2225) (2.9 +06 )x107%
4n(1760) — ~p° o0 (1.3 09 ) x10~4
yn(1760) — yww (1.98+0.33) x 103
~vX(1835) (2.2 0.6 ) x 1074
v(KK=) [JPC =0~ 1] (7 +4 )x107%
a0 (33 738 )x10-5
'ypﬁ7r+7r < 79 x 104
yAA < 13 x 10~4
3y < 55 x 1075
v ;(2220) > 250 x 1073
v£;(2220) — 7w (8 +4 )x1075
v)(2220) = YKK (81 £3.0)x1072
~vf;(2220) — ~pp (15 408 )x 1075
~fH(1500) >( 5.7 £0.8 ) x 1074
yete~ (88 +1.4 )x1073

S=1.6
S=1.8

CL=95%
CL=90%
CL=90%

S=1.1
S=1.9

S=1.7

S=2.1

S=21

CL=90%
CL=90%
CL=90%
CL=99.9%

114
1518
1487

1223
1223

1340
1338
1258
1400
1517

879

1407

891
1336
1223
1286

1075

1500
1220
1283

1173

1266
1166
1232

752
1048

1006
1442
1546
1107
1074

1548
745

1183
1548
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Weak decays
D~ et e+ c.c. < 12 x 1073 CL=90% 984
Doete~+ cc. < 11 x107%  CL=90% 987
D; etwe+ cc. < 36 x1075  CL=90% 923
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes
vy c < 22 x 1075 CL=90% 1548
et ¥ LF < 11 %1076 CL=90% 1547
etrT LF < 83 x1076  CL=90% 1039
e LF < 20 %1076 CL=90% 1035
Xco(LP) 16(JPC) = ot (0t 1)
Mass m = 3414.75 + 0.31 MeV
Full width ' = 10.2 £+ 0.7 MeV
Scale factor/ p
Xco(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic decays

2(rt 7)) (2.23+0.20) % 1679
f5(980) f5(980) (6.9 £22 ) x10~4 1398
rtr Kt K— (1.7940.16) % 1580
£,(980) £,(980) (7 H3ly x4 1398
£,(980) f5(2200) (83 ¥21)x10-4 595
fp(1370) f5(1370) <28 x 1074 CL=90% 1019
f5(1370) f,(1500) <18 x 1074 CL=90% 920
f,(1370) £,(1710) (70 *37 ) x1074 718
f5(1500) fy(1370) <14 x 104 CL=90% 920
fo(1500) f5(1500) <5 x 1073 CL=90% 805
fo(1500) fp(1710) <7 x 1075 CL=90% 553
POrta (8.7 +2.8 ) x 1073 1607
3(rt7r7) (1.2040.18) % 1633
Kt K*(892)%7~ + c.c. (7.2 £16 ) x 1073 1523
K1(1270)T K~ + c.c. — (6.5 +£2.0 )x10~3 -

rtr Kt K™
K1(1400)* K~ + c.c. — <28 x 1073 CL=90% -

rtra” KT K™
K*(892)0 K*(892)° (1.8 +0.6 ) x 1073 1456
K5 (1430)° K}5(1430)0 — (1.0273-38) x 10-3 -

atrT Kt K™
K3(1430)0K3(1430)% + c.c. — ©3 31 )x10-4 -

atn KTK~
T (7.3 +£0.6 ) x10™3 1702
nn (24 £0.4 ) x 1073 1617
nrt o™ <11 x 1073 CL=90% 1651
nn' <5 x 1074 CL=90% 1521
n'n (1.7 £0.4 ) x 1073 1414
ww (23 07 )x 1073 1517
KtK— (5.7 £0.6 ) x 1073 1634
K% kS (2.82£0.28) x 10~3 1633
atrn <21 x 1074 1651
ata=q <4 x 10—4 1560
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KOK+tr~+ cc. <98 x 1075 1610
KtK= =0 <6 x 1075 1611
KtK—n <24 x 1074 1512
KTK=KLKY (15 +£05 ) x 1073 1331
KTK=KtK— (2.81+0.30) x 103 1333
KtK=¢ (1.0140.26) x 10—3 1381
KKQata™ (5.9 £1.1 ) x 1073 1579
foxs (9.3 £2.0 ) x 104 1370
pp (2.1540.19) x 10~4 1426
ppm® (5.8 £1.2 ) x 10~4 1379
PPN (3.8 £1.1 ) x 104 1187
atn pp (2.1 £0.7 ) x 1073 S=1.4 1320
KYK%pp <88 x 104 CL=90% 884
pAT™ (1.1740.32) x 103 1376
AA (44 £15 )x1074 1292
Mzt a~ < 4.0 x 1073 CL=90% 1153
KTPA+ c.c. (1.05+0.20) x 103 1132
===t < 1.03 x 1073 CL=90% 1081
Radiative decays

~vJ/9¥(1S) (1.2840.11) % 303
vy (2.3540.23) x 10~4 1707

Xc1(1P) 16(PC) =0t t )

Mass m = 3510.66 + 0.07 MeV (S = 1.5)
Full width ' = 0.89 4+ 0.05 MeV
Scale factor/ p
Xc1(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic decays

3(rta) (58 +£1.4)x1073 s=1.2 1683
2(nt77) (76 +26)x1073 1728
e Kt K™ (45 £1.0 )x 1073 1632
ata~n (52 406 )x103 1701
ata— (25 +05)x1073 -
POrta (3.9 £35)x 1073 1657
KtK=n (35 +£1.1 )x 1074 1566
KOK*T 7=+ cc (7.7 £0.7 )x 1073 1661
Kt K= 70 (2.01£0.28) x 103 1662
nrt o™ (58 £1.1 )x103 1701

a9(980)T 7~ + c.c. — pata~ (2.0 £07 )x 1073 -

£(1270)n (3.0 £0.9 ) x10~3 1468
Kt K*(892)% 7~ + c.c. (32 +21)x1073 1577
K*(892)0K*(892)° (16 04 )x1073 1512

K*(892)9K0 + c.c. (1.1 +04 )x103 1602

K*(892)T K~ + c.c. (16 £07 )x1073 1602

K*%(1430)°K%+ c.c. — <9 x10~4  CL=90% -

K K*tn~+cc
K*%(1430)t K~ + c.c. — < 24 x 1073 CL=90% -
KeK*tn~+cc

KL KY (7.6 £32 )x10~4 1630
Kt K= KYKY <5 x1074  CL=90% 1390
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KTK=KT K~ (58 £1.2 ) x 1074 1393
KtK=¢ (45 £1.7 )x 1074 1440
PP (6.6 +£05)x107° 1484
ppm® (12 +05 )x10~4 1438
PPN < 16 x 1074 CL=90% 1254
tn pp (50 £1.9 ) x 10~4 1381
Kg K%pp < 45 x1074  CL=90% 968
AA (2.4 +£1.0 )x 1074 1355
AMata— < 15 x 1073 CL=90% 1223
K*TpA (34 £1.0)x1074 1203
===t < 34 x 1074 CL=90% 1155
atr™ 4+ KtK™ < 21 x 1073 -
K2 kY < 7 x 1075 CL=90% 1683
Radiative decays
~vJ/¥(1S) (36.0 £1.9 ) % 389
he(1P) 16PC) =771+ )

Mass m = 3525.93 &+ 0.27 MeV (S = 1.5)
Full width ' < 1 MeV

h¢(1P) DECAY MODES Fraction (T;/) p (Mevio)

J/Y(AS) 7w not seen 313

NeY seen 503
Xe2(1P) 16UPG =0t

Mass m = 3556.20 + 0.09 MeV
Full width ' = 2.03 + 0.12 MeV

Xc2(1P) DECAY MODES

p
Fraction (I';/T) Confidence level (MeV/c)

2(nt7n7)
ata Kt K-
3(xt7n7)

KtK*(892)%7n + c.c.

K*(892)0 K*(892)°
b¢
ww
T

Hadronic decays

(1.14£0.12) % 1751
(9.4 +1.1)x1073 1656
(86 +1.8 )x1073 1707
(23 +1.3)x1073 1602
(26 +05)x1073 1538
( 1.54+0.30) x 1073 1457
(20 £07 )x1073 1597
( 2.1740.25) x 103 1773
(41 +18 )x1073 1681
(55 +1.5)x 1074 1724
(57 +2.1 )x 1074 1636
<5 x 1074 90% 1692
(79 +£1.4 )x 1074 1708
(65 +0.8)x1074 1707
( 1.40+0.21) x 1073 1685
(35 409 )x1074 1686
< 4 x 1074 90% 1592
< 17 x 1073 90% 1724
< 26 x 1074 90% 1600
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n'n < 35 x10~4 90% 1498
rta” K KY (25 £0.6)x 1073 1655
Kt K~ KYKY < 4 x 1074 90% 1418
KTK=KTK— (1.8440.24) x 1073 1421
KtK=¢ ( 1.63+0.34) x 103 1468
KK pp < 79 x 104 90% 1007
pp (6.7 £05 ) x107° 1510
ppm® (49 £1.0 )x 1074 1465
PPN (21 +08)x1074 1285
ntapp ( 1.3240.34) x 1073 1410
pAm™ (1.2 £04 )x 1073 1463
N (27 £13)x1074 1385
Mzt o~ < 35 x 1073 90% 1255
K*TPA + c.c. (9.6 £1.9 ) x10~% 1236
== < 37 x10~4 90% 1189
J/p(S)nt 70 < 15 % 90% 185
Radiative decays
~vJ/¥(1S) (20.0 +1.0 )% 430
vy (2.43+0.18) x 10~4 1778
1¢(25) 16(PC) = ot 1)
Quantum numbers are quark model predictions.
Mass m = 3637 + 4 MeV (S = 1.7)
Full width T = 14 + 7 MeV
1¢(2S) DECAY MODES Fraction (I';/T) Confidence level (M£V/c)
hadrons not seen -
KK= seen 1729
ot o~ not seen 1792
KtK—ntn~ not seen 1700
2Kt 2K~ not seen 1470
pp not seen 1558
vy <5x 1074 90% 1819
¥(25) 16(UPC =017 7)
Mass m = 3686.09 & 0.04 MeV (S = 1.6)
Full width ' = 317 4+ 9 keV
lee = 2.38 & 0.04 keV
Scale factor/ p
¥(25) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (97.85+£0.13) % -
virtualy — hadrons ( 1.73+£0.14) % S=1.5 -
ete™ ( 7.52+0.17) x 103 1843
wtp~ (75 +£0.8 ) x103 1840
- (3.0 £0.4 )x103 490
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Decays into J/(1S) and anything

J/v(1S)anything
J/1(1S)neutrals
J/p(AS)nt 7~
J/9(1S) 7070
J/p(1S)n
J/¢(18)7°

3(rt )70

20t ) a0
pax(1320)

PP

Attt A

A0

AAn

ApKT

ApKt ot

Mzt rn

AA

rty-

x0%0

> (1385)*T X(1385)~

-——=4+

=0=0
=(1530)°=(1530)°
N-0*
m0pp
npp
wpp
opp
mta~ pp
pnm~or C.C.
pnm— 70
2(rt 7~ 70)
777r+ T
777r+ a0
2zrta)n
W atr a0
w7r+7r

bik iai

b(lJ 70

wh(1270)
T KtK—
PKYK—
K*(892)0 K3(1430)°
KtK—ntza=n
KtK=2(xtn7)a0
KTK=2(zt77)
Kq(1270)* KF
KsKsmt

p_pp

KtK*(892)% 7~ + c.c.

2t nT)
Artr

(57.4 £0.9)
(235 £0.4 )
(32.6 +0.5 )
(16.84+0.33)
( 3.160.07)
( 1.26+0.13)

Hadronic decays
(35 +1.6)
(29 +1.0)
(2.6 +£0.9)
( 2.74+0.12)
( 1.2840.35)

< 12

< 49
( 1.00+0.14)
(1.8 +0.4)
(2.8 +06 )
(28 £05)
(2.6 +£0.8)
2.2 +0.4)
1.1 +0.4 )
1.8 +0.6 )
2.8 +£0.9)

< 13
( 1.33£0.17)
(6.0 £1.2)
(69 +£2.1)

< 24

6.0 +0.4

2.4840.17

2 £0.7

(
(
(3
(47 £15

)
)
)
)
< 16
(95 £1.7)
(1.2 £06)
(45 £2.1)
(73 £1.2)
(4.0 £06)
(24 £06)
(22 £04)
(75 £0.9)
(22 £04)
(1.9 £05)
(1.3 £0.7)
(100j:031)
(1.8 £0.9)
( 1.000.28)
(22 £04)
(5.0 £22)
(67 +£25)
(24 £06)
(22 +£06)

%
%
%
%
%
x 1073

x 1073
x 1073
x 1074
x 104
x 10~4
x 10~4
x 1075
x 1074
x 104
x 10~4
x 1074
x 10—4
x 104
x 1074
x 10~4
x 1074
x 102
x 1075
x 10~4
x 1072
x 1075
x 1075
x 1074
x 10—4
x 104
x 1073
x 10~4
x 1074
x 103
x 10~4
x 10~4
x 104
x 10~4
x 104
x 10~4
x 1074
x 104
x 1073
X 1073
x 1073
x 1073
x 10~4
x 102
x 1074
x 10~4
x 1074

S=4.6

CL=90%
CL=90%

S$=2.6

S=1.5

$=2.8

CL=90%
CL=90%

CL=90%

CL=90%

S=2.1
S=1.1

S=1.9

$=2.2
S=1.4

1746
1799
1500
1586
1371
1412
1197
1327
1167
1346
1467
1408
1405
1218
1284
1291
1025

774
1543
1373
1247
1109
1491

1492
1776
1791
1778
1758

1748
1635

1515
1726
1616
1418
1574
1611
1654
1581
1724
1251
1674
1817
1750
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KtK=ata= 0
wify(1710) - wKT K~

K*(892)° K~ 7t 70 + c.c.
K*(892)TK—nt7~ + c.c.

K*(892)T K= p% + c.c.
K*(892)° K~ pt + cc.

nKTK=

wKtK=

3(rta)

pprt ™ 70

KT K=
0 40

KsKi

atr=r
p(2150)7 — wta— 70
p(770)7 — 7t a0

0

7T+’/T
K1 (1400)* KF
K+t K= 70

K+ K*(892)~ + c.c.
K*(892)°K% + c.c.
ort o~

#1(980) — 7t w~

pn

wmn

o7°

7}C7r+ a0
PPKT K™
AnK%+ cc.
¢f’2(1525)

O(1540)0(1540) — K%pK~ A+

C.C.
O(1540)K~ 7 — K%pK~7
O(1540)KYP — KSPK*tn
O(1540)K*n — KYpK*n
O(1540)K%p — KipK—7
K% kY

¥Xxco(1P)
¥Xc1(1P)
Yxc2(1P)
¥nc(1S)
777%(25)
YT

( 1.2640.09) x 10—3
(59 £22)x107°
(86 +22 )x107%
(96 +2.8 )x 1074
(73 +26 )x1074
(6.1 +£1.8 )x10~%
< 13 x10~4

( 1.8540.25) x 10~ 4

(35 +2.0 )x1074
(73 £07 )x1074
(6.3 +0.7 ) x1075
(5.4 +05)x1075
( 1.68+0.26) x 104

1.2 -
(19 T2 )x10-4
(32 +1.2 )x 1075

(8 +5 )x107°
< 31 x 104
< 2.9 x 1072

(17 +08 1075
( 1.0940.20) x 104
( 1.17+£0.29) x 104
(6.8 +£24)x107°
(6.0 £1.4 )x107°
(7.0 £1.6 ) x 107>
( 1.10+0.28) x 1074
(28 *18)x1075
(31 +1.6 ) x1075
(32 729 )x1075
(2.1 £06 )x 1075
(19 1.7 yx10-5

1.2

(22 406 )x1075
< 11 x 102
< 4 x 1076
< 1.0 x 1073

(27 £07 )x107°
(81 +1.8)x107>
(44 £16 )x107°

< 88 x 1076
< 1.0 x 1075
< 7.0 x 106
< 26 x 103
< 6.0 x 1076
< 46 x10—6
Radiative decays
(9.4 £04 )%
(88 +£0.4 )%
(83 +£04)%
(3.0 £05 ) x 1073
< 20 x 1073
< 5.4 x 1073

CL=90%
S=1.1
$=2.8

S=1.4

S=1.8

CL=90%
CL=90%

S=1.7
S=1.1

S=1.1
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=95%

261
171
128
638
48
1841
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v’ (958) ( 1.36+0.24) x 10—4 1719
~5(1270) (2.1 +£04 )x 1074 1622
vf(1710) — yrw (3.0 £1.3 )x 1075 -
v6(1710) — YKK (60 £1.6 )x 1075 -
vy < 14 x 1074 CL=90% 1843
yn <9 x 1075 CL=90% 1802
ynrtw (87 £2.1)x1074 1791
yn(1405) — yKKm <9 x 1073 CL=90% 1569
yn(1405) — nata~ (36 £25)x10° -
yn(1475) — KK < 14 x1074  CL=90% -
yn(1475) — nrta~ < 88 x 1073 CL=90% -
y2(rt ) (40 +£06)x1074 1817
yKOK*T 1~ + cc. (3.7 £09 )x 104 1674
v K*OK*0 (2.4 £07 )x 1074 1613
YKK*T ™+ cc. (2.6 £05)x 1074 1753
yKtK—ntnm (1.9 £05 ) x10~4 1726
Ypp (29 0.6 )x107> 1586
~yrta~pp (28 +1.4 )x1072 1491
y2(rtrT)KT K= < 22 x 1074 CL=90% 1654
y3(rt ) < 17 x 1074 CL=90% 1774
YyKTK=KT K™ < 4 x 1072 CL=90% 1499
¥(3770) 1I6(JPCy =0—1— )

Mass m = 3772.92 &+ 0.35 MeV (S = 1.1)

Full width ' = 27.3 &+ 1.0 MeV

lee = 0.265 + 0.018 keV (S =1.3)
In addition to the dominant decay mode to D D, v(3770) was found to decay
into the final states containing the J/¢ (BAI 05, ADAM 06). ADAMS 06 and

HUANG 06A searched for various decay modes with light hadrons and found a
statistically significant signal for the decay to ¢n only (ADAMS 06).

Scale factor/ p

v(3770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
DD (85.3 +£32 )% 285

DpoDo (48.7 £3.2 )% 285

Dt D~ (36.1 +2.8 )% 251
J/rt ( 1.9340.28) x 1073 560
/070 (8.0 +£3.0 )x 1074 564
J/vm (9 +4 )x1074 359
J/¢r® < 28 x1074  CL=90% 603
YXco (7.3 £09 )x103 -
YXel (29 £06)x103 -
TXc2 <9 x 1074 CL=90% -
ete~ (9.7 £0.7 ) x 106 S=12 1886
K2 K9 < 12 x1075  CL=90% 1820
2t 7nT) < 112 x 1073 CL=90% 1861
2(rta=) 70 < 1.06 x1073  CL=90% 1843

wrtw < 6.0 x 10~4 CL=90% 1794
3(rt7rT) < 91 x 1073 1819
3(rtam) 70 < 137 % 1792
nata~ < 124 x 1073 CL=90% 1836
POt < 69 %1073 CL=90% 1796
n3m < 134 x 1073 CL=90% 1824
n2(rtr7) < 243 % 1804
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n' 3w

KtK=ntn—
ort

¢

én

A(nt )

4(rt )70

¢ (980)

KtK=—atz— a0
KtK=pOx0
KTtK=pta~
wKtK—
ot 70
KOK=rtn0+ cc.
K** K- rtr=+ cc.

KtK=2(zt77)

KtK=2(xt 7= )x0

nKt K=

wpp

AA7O
pp2(nt )
npp
P pp
pPKtT K™
opp
Arta—
APKT
ApKtata—
atr— 70
pT

w7r0

P
wn
e’
wn

Lol

on

K*O 70
K K=
b1 ™

<
<
<

ANNANANNANANNANNNNNNANNNNANANNNNNNANANNNNANNANNNNNNANA

2.44

9.0

4.1
not seen
(31 +07)

1.67

3.06

4.5

2.36

8

1.46

3.4

3.8

1.62

3.23

1.03

3.60

4.1

5.0

6.0

7.5

2.9

3.2

9.7

1.2

5.8

1.2

1.85

2.9

1.2

2.6

5.4

1.7

3.2

1.3

2.5

2.8

6.3
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen

x 1073
x10~4
x 104

x10~4
%

%

x 10—4
x 1073
x10~4
%

x 10—4
x 10~3
%

%

%

%

x10~4
x 1073
x10~4
x 104
x10~4
X 1073
x 10~3
x 1073
x 10—4
x 10—4
X 1073
x 10—4
X 1073
X 1073
x 10—4
x 1073
x 10—4
x 10~4
x 104
x 10—4
x 10~4

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

1740
1772
1737
1746
1703
1757
1720
1600
1741
1624
1622
1664
1722
1693
1692
1702
1660
1711
1665
1551
1597
1493
1425
1721
1595
1544
1521
1490
1309
1468
1425
1430
1313
1185
1178
1404
1387
1234
1874
1804
1803
1763
1762
1674
1672
1606
1744
1745
1683
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X(3872) 16(PCy = 0% (27 )
Quantum numbers not established.
Mass m = 3872.2 + 0.8 MeV (S = 2.5)
mX(3872)i — mJ/w =775 + 4 MeV
Mx 3872 — Myp(25)
Full width T = 3.0721 Mev
X(3872) DECAY MODES Fraction (I';/T) p (MeVc)
ata= J/¥(1S) seen 650
piJ/i/)(lS) seen T
p9D° not seen 520
D+_D_ not seen 503
DODO 70 seen 121
1(4040) [cccel 16(UPCy =0—(1— )
Mass m = 4039 + 1 MeV
Full width ' = 80 + 10 MeV
[ee = 0.86 &+ 0.07 keV
p
1(4040) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete” (1.0740.16) x 10~3 2019
DD . seen 775
D*(2007)02°+ c.C. seen 575
D*(2007)° D*(2007)° seen 225
J/prt = <4 x 1073 90% 794
/070 <2 x10~3 90% 797
J/vn <7 x 1073 90% 675
J/pm0 <2 x10~3 90% 823
J/prta a0 <2 x 1073 90% 746
Xc17Y <11 % 90% 494
X2 <17 % 90% 454
Xcl1 atr— <11 % 90% 306
Xeartn™ 7 <32 % 90% 233
¢t <3 x 1073 90% 1880
1(4160) lcccc] 1GUPC =01~ )
Mass m = 4153 + 3 MeV
Full width T = 103 £+ 8 MeV
lee = 0.83 &+ 0.07 keV
P
1(4160) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete™ (8.14£0.9) x 10~ 2076
J/pmt <3 x 103 90% 888
J/ypm0n0 <3 x 1073 90% 891
J/YKT K™ <2 x 103 90% 324
J/yn <8 x 1073 90% 786
J/pm0 <1 x 1073 90% 914
J/vn' <5 x 1073 90% 385
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Jjprt 70 <1 x 1073 90% 847
P(2S)nt 7~ <4 x 1073 90% 353
Xe1Y <7 x 1073 90% 593
Xc27 <13 % 90% 554
xartr™w <2 x 1073 90% 452
Xeam T <8 x 1073 90% 398
ort <2 x 1073 90% 1941
X(4260) 16(JPCy =271 )

Mass m = 42631’3 MeV (S =1.1)
Full width I' = 95 + 14 MeV

X(4260) DECAY MODES Fraction (I';/T) p (MeVc)
J/prta— seen 976
J/pa0n0 [dddd] seen 978
J/Kt K= [dddd] seen 530
J/yn [dddd] not seen 886
J/p70 [dddd] not seen 999
J/on [dddd] not seen 569
J/prt a0 [dddd] not seen 939
J/Ynn [dddd] not seen 339
(2S)nt [dddd] not seen 470
»(2S)n [dddd] not seen 167
Xcow [dddd] not seen 284
Xc17Y [dddd] not seen 686
X2 [dddd] not seen 648
Xc1 ata— [dddd] not seen 571
Xc2 ata— [dddd] not seen 524
ort [dddd] not seen 1999
DD not seen 1032

¥(4415) [c<d]

16UPCY =01~ )

Mass m = 4421 + 4 MeV
Full width T = 62 + 20 MeV
[ee = 0.58 £ 0.07 keV

p

v(4415) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons dominant -
(D_OD—w““)mm,mg < 23 % 90% -
DD3(2460) — DDzt (10 +4 )% -

ete™

(9.4+3.2) x 1076 2210
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bb MESONS

T(1S) 6P =0=(177)

Mass m = 9460.30 &+ 0.26 MeV (S = 3.3)
Full width ' = 54.02 £+ 1.25 keV
Mee = 1.340 £ 0.018 keV

T(1S) DECAY MODES Fraction (I';/T) Confidence level (MZV/C)
T (2.60+0.10) % 4384
ete (2.38+£0.11) % 4730
whp~ (2.4840.05) % 4729
Hadronic decays
7'(958) anything (2.94+0.24) % -
J/¥(1S) anything (6.5 +£0.7 ) x 1074 4223
Xco anything <5 x 1073 90% -
Xc1 anything (2.3 £07 )x 1074 -
Xc2 anything (3.4 +£1.0 )x 1074 -
(2S) anything (2.7 0.9 )x10~% -
pr <2 x 1074 90% 4697
atr= <5 x10~4 90% 4728
KT K~ <5 x 1074 90% 4704
pP <5 x 1074 90% 4636
aOnta— < 1.84 x 1075 90% 4725
d anything (2.86£0.28) x 105 -
Radiative decays
yrta~ (6.3 +1.8 ) x 1072 4728
070 (1.7 0.7 ) x 105 4728
vy <24 x 1076 90% 4713
KT K~ with 2<m,; .~ <3 GeV (1.14+0.13) x 107 -
ypp with 2<mp5 <3 GeV <6 x 1076 90% -
~2ht2h~ (7.0 £15 ) x 1074 4720
v3hT3h~ (5.4 £2.0 ) x 1074 4703
yahT4h~ (7.4 £35 ) x 1074 4679
yrt T KT K™ (29 +£09 )x 1074 4686
2t on~ (25 +£0.9 ) x10™4 4720
v3nt3n~ (25 +12 )x 1074 4703
yortonT KT K™ (24 +12 )x1074 4658
yrtr~pp (15 £0.6 ) x 1074 4604
~y2rt 2~ pp (4 +6 )x107° 4563
v2Kt 2K~ (2.0 £2.0 ) x 1075 4601
v1'(958) <19 x 10~6 90% 4682
N <10 x 1076 90% 4714
v 1(980) <3 x 1073 90% 4679
7 f4(1525) @7 *12)x10-5 4607
v (1270) (1.01+40.09) x 104 4644
yn(1405) <82 x 1075 90% 4625
7 fo(1500) <15 x 1075 90% 4610
7 f(1710) <26 x 1074 90% 4573

v (1710) - YKT K= <7 x 1076 90%
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yfy(1710) — 7070 <14 x 1076 90% -
vf(1710) — ~ynn <18 x 1076 90% -
7 14(2050) <53 x 1073 90% 4515
7£(2200) — YKt K~ <2 x 1074 90% 4475
vf(2220) — YKt K™ <8 x10~7 90% 4469
vf(2220) — yata~ <6 x 107 90% -
~vf;(2220) — ~ypp <11 x 1076 90% -
yn(2225) — ydo <3 x 1073 90% 4469
X [eeee] < 3 x 1073 90% -
v XX (] < 1 x 1073 90% -
¥X — v+ >4 prongs [sgg8] < 1.78 x 1074 95% -
Other decays
invisible <25 x 1073 90% -
Xpo(1P) """ 16(UPC) =0t (0t )
J needs confirmation.
Mass m = 9859.44 + 0.42 + 0.31 MeV
p
Xpo(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
v T(1S) <6 % 90% 391
Xbl(lP) [hhhh] IG(JPC) _ 0+(1 + +)
J needs confirmation.
Mass m = 9892.78 £+ 0.26 + 0.31 MeV
Xp1(1P) DECAY MODES Fraction (';/T) p (MeV/c)
v T(1S) (35+8) % 423
Xp2(1P) [hhhh] 16(UPCy = ot2+ )
J needs confirmation.
Mass m = 9912.21 + 0.26 + 0.31 MeV
Xp2(1P) DECAY MODES Fraction (I';/T) p (MeV/c)
v T(1S) (2244) % 442
T(25) 16(UPCy = 0—(1— )
Mass m = 10.02326 + 0.00031 GeV
Full width ' = 31.98 £ 2.63 keV
lee = 0.612 + 0.011 keV
Scale factor/ p
T(2S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
TAS) 7t 7™ (188 + 0.6 )% 475
T(18)x0x0 (90 +08)% 480
- (2.00+ 0.21) % 4686
utp~ (1.93+ 0.17) % S=22 5011
ete (1.91+ 0.16) % 5012
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T(1S)x° < 11 x1073  CL=90% 531
TS)n <2 x1073  CL=90% 126
J/¥(1S) anything < 6 x1073  CL=90% 4533
d anything (34 +06)x105 -
hadrons (94 £11 )% -
Radiative decays
Yxp1(1P) (69 £04)% 130
Yxp2(1P) (7.15+ 0.35) % 110
Yxpo(1P) (38 +04)% 162
v (1710) < 59 x1074  CL=90% 4863
7 £} (1525) < 53 x1074%  CL=90% 4896
v £(1270) < 241 x107%  CL=90% 4931
y1p(1S) < 5.1 x 1074 CL=90% 697
vX — v+ > 4 prongs [iiii] < 1.95 x1074%  CL=95% -
XbO(ZP) [hhhh] /G(JPC) =ot@+H
J needs confirmation.
Mass m = 10.2325 + 0.0004 + 0.0005 GeV
Xpo(2P) DECAY MODES Fraction (I';/T) p (MeV/c)
7 T(2S) (4.6+2.1) % 207
v T(1S) (9 +6 )x1073 743
Xp1(2P) hhhh] 16(JPCy = ot1 + )
J needs confirmation.
Mass m = 10.25546 + 0.00022 £+ 0.00050 GeV
mXb1(2P) — mxbo(zp) = 23.5 + 1.0 MeV
p
Xp1(2P) DECAY MODES Fraction (I;/T) Scale factor (MeV/c)
w T(1S) (1637038 9% 135
v T(2S) (21 +4 )% 1.5 230
v T(1S) (85 £1.3)% 1.3 764
w7 xp1(LP) (86 +3.1)x1073 238
sz(zp) [hhhh] ,G(JPC) =0ttt
J needs confirmation.
Mass m = 10.26865 + 0.00022 + 0.00050 GeV
mXb2(2P) — mxbl(zp) = 13.5 & 0.6 MeV
Xp2(2P) DECAY MODES Fraction (I;/T) p (MeV/c)
w T(1S) (110733 % 194
v T(2S) (16.2 £2.4 )% 242
v T(1S) (71 £1.0 )% 777
7 xp2(1P) (60 £21)x103 229
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T(35)

16UPCY =01~ )

Mass m = 10.3552 + 0.0005 GeV
Full width ' = 20.32 4 1.85 keV
lee = 0.443 & 0.008 keV

Scale factor/ p
T(3S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
T(2S)anything (10.6 +0.8 )% 296
TES)nt 7™ (2.8 £06)% s=2.2 177
7(28) 7% =0 ( 2.00+0.32) % 190
T(25)v~y (5.0 £0.7)% 327
TAS) 7 7™ ( 4.48+0.21) % 813
T(18)n0x0 ( 2.060.28) % 816
T(1S)n < 22 x 1073 CL=90% 677
- (2.29+40.30) % 4863
wtp (2.1840.21) % s=2.1 5177
ete” seen 5178
Radiative decays
Yxp2(2P) (131 £1.6 )% S=3.4 86
vxp1(2P) (126 £1.2 )% S=2.4 99
vxp0(2P) (5.9 +£06)% S=1.4 122
vXpo(1P) (3.0 £1.1 ) x 1073 484
vnp(2S) < 62 x 1074 CL=90% -
ynp(1S) < 43 x 104 CL=90% 1001
X — v+ > 4 prongs Lii] < 22 x 1074 CL=95% -
T(4S) /G(JPC) =0~ (1)
or 7(10580)
Mass m = 10.5794 + 0.0012 GeV
Full width ' = 20.5 + 2.5 MeV
e = 0.272 & 0.029 keV (S = 1.5)
T(4S) DECAY MODES Fraction (I;/T) Confidence level (MZV/C)
BB > 96 % 95% 328
B+B~ (51.6 +£0.6 )% 334
DY anything + c.c. (18.3 £26 )% -
BOBO (48.4 £0.6 )% 328
JIWKS(I/Y, ne) K < 4 x10~7 90% -
non-BB < 4 % 95% -
ete™ ( 1.5740.08) x 105 5290
J/¥(1S) anything < 19 x 1074 95% -
D** anything + c.c. < 74 % 90% 5099
¢ anything (71 £06 )% 5240
on < 25 x 1076 90% 5226
T(1S) anything < 4 x 1073 90% 1053
TAS)nt 7~ (9.0 £15 )x 1073 1026
TES)rt 7~ (88 +£1.9 )x 1075 468
d anything < 13 x 1075 90% -




Meson Summary Table

119

T(10860)

16UPCY =01~ )

Mass m = 10.865 + 0.008 GeV (S =1.1)
Full width I' = 110 + 13 MeV
Fee = 0.31 & 0.07 keV (S = 1.3)

P
7T(10860) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete” ( 28 + 07 )x106 5432
BBX (59 +14 )% -

BB < 138 % 90% 1280
BB* + c.c. (14 +£6 )% -
B*B* (44 £11 )% -
BB™Mr < 197 % 90% -
BB < 89 % 90% 441
Bg*)Eg*) (X) (193 + 29 )% -
TSt ( 53+ 06)x1073 1288
T(S)nt (78 £ 13)x1073 763
T(3S)nt ( 4A8*_'19)x103 416
T(lS)KJfK* (61 + 18)x1074 933
Inclusive Decays.
These decay modes are submodes of one or more of the decay modes
above.
¢ anything (138 F 24 )0 -
DO anything + c.c. (108 +38 )% -
Ds anything + c.c. (47 +£6 )% -
J/v anything ( 2.06+ 021)% -
7(11020) 16UPCY =01~ )
Mass m = 11.019 + 0.008 GeV
Full width I =79 4+ 16 MeV
Mee = 0.130 & 0.030 keV
T(11020) DECAY MODES Fraction (I';/T) p (MeV/c)
ete™ (1.640.5) x 10—6 5510
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NOTES
In this Summary Table:

When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity. We do this when S > 1,
which often indicates that the measurements are inconsistent. When S > 1.25,
we also show in the Particle Listings an ideogram of the measurements. For more

about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in

this frame.

[a] See the “Note on 7 — ¢* v~ and K* — ¢+~ Form Factors” in the
7% Particle Listings in the Full Review of Particle Physics for definitions
and details.

[b] Measurements of (e 1) /T (1T 1,) always include decays with ~'s, and
measurements of (e v ) and T(11F 1, ) never include low-energy 7s.
Therefore, since no clean separation is possible, we consider the modes
with 4's to be subreactions of the modes without them, and let [I(eT ve)
+ r(ﬂ+ V;L)]/rtotal = 100%.

[c] See the =t Particle Listings in the Full Review of Particle Physics for the
energy limits used in this measurement; low-energy +'s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10~13; see
the 70 Particle Listings in the Full Review of Particle Physics.

[f] New measurements seem to resolve the obvious inconsistency of the
previously available high-precision 17 mass measurements.

[g] Due to removing an old measurement from the average, this is 0.11 keV
larger than the width we gave in our 2002 edition, 1.18 £ 0.11 keV. See
the I'(2v) data block in the Data Listings.

[h] C parity forbids this to occur as a single-photon process.

[i] See the “Note on scalar mesons” in the f,(1370) Particle Listings in the
Full Review of Particle Physics. The interpretation of this entry as a
particle is controversial.

[j] See the “Note on p(770)" in the p(770) Particle Listings in the Full
Review of Particle Physics.

[k] The wp interference is then due to wp mixing only, and is expected to
be small. If ey universality holds, F(p® — utp=) =T(p° — ete)
x 0.99785.

[1] See the “Note on scalar mesons” in the f;(1370) Particle Listings in the
Full Review of Particle Physics.

[m] See the “Note on a;(1260)” in the a;(1260) Particle Listings in PDG 06,
Journal of Physics, G 33 1 (2006).

[n] This is only an educated guess; the error given is larger than the error
on the average of the published values. See the Particle Listings in the
Full Review of Particle Physics for details.

[0] See the “Note on non-gg mesons” in the Particle Listings in PDG 06,
Journal of Physics, G 33 1 (2006).

[p] See the “Note on the 7(1405)" in the n(1405) Particle Listings in the
Full Review of Particle Physics.

[g] See the “Note on the f;(1420)" in the 7(1405) Particle Listings in the
Full Review of Particle Physics.
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[r] See also the w(1650) Particle Listings.

[s] See the “Note on the p(1450) and the p(1700)” in the p(1700) Particle
Listings in the Full Review of Particle Physics.

[t] See also the w(1420) Particle Listings.

[u] See the “Note on fy(1710)” in the fy(1710) Particle Listings in 2004
edition of Review of Particle Physics.

[v] See the note in the K* Particle Listings in the Full Review of Particle
Physics.

[w] The definition of the slope parameter g of the K — 3 Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 37 Decays”
in the K= Particle Listings in the Full Review of Particle Physics):

‘M‘z =1+ g(53 — .’50)/”772_‘_Jr + -
[x] For more details and definitions of parameters see Particle Listings in the
Full Review of Particle Physics.

[¥] Most of this radiative mode, the low-momentum ~ part, is also included
in the parent mode listed without ~'s.

[z] See the KT Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[aa] Structure-dependent part.

[bb] Direct-emission branching fraction.

[cc] Violates angular-momentum conservation.
[dd] Derived from measured values of ¢, _, ¢gp,

,|mK(z—m

7 Kol and

T K0, S described in the introduction to “Tests of Conservation Laws.”
s

[ee] The CP-violation parameters are defined as follows (see also “Note on
CP Violation in Ks — 37" and “Note on CP Violation in K‘Z Decay”
in the Particle Listings in the Full Review of Particle Physics):

) AKY — 7tr7)
Ny = |7 ,el¢+*:—:€+€/
+ | + | A(KO _ 7r+7-r*)
S
) AKY — 70x0)
oo = |moolet¥0 = —————— = ¢ — 2¢
| } A(K05 — 7070)
F(KE — 7 {Ty) — F(KE — 7T lY)
NKY — 7= ¢ty) + I(KY — 7t o) ’
r(K(% _ 71.+TI.771.0)CP viol.
K9 — rta=n0)
r(KOS — 707070)

r(KE — 7T07T071'0) .

Im(n 0)* =

Im(7000)* =

where for the last two relations CPT is assumed valid, i.e., Re(n4_g) ~
0 and Re(?’]ooo) ~ 0.

[ff] See the KOS Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[gg] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[hh] Re(€’/€) = €' /¢ to a very good approximation provided the phases satisfy
CPT invariance.

[ii] This mode includes gammas from inner bremsstrahlung but not the direct
emission mode K9 — 7+ 7~ ~(DE).
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Lij] See the K Particle Listings in the Full Review of Particle Physics for
the energy limits used in this measurement.

[kk] Allowed by higher-order electroweak interactions.

[/ Violates CP in leading order. Test of direct CP violation since the in-
direct CP-violating and CP-conserving contributions are expected to be
suppressed.

[mm] See the “Note on f3(1370)" in the f3(1370) Particle Listings in the Full
Review of Particle Physics and in the 1994 edition.

[nn] See the note in the L(1770) Particle Listings in Reviews of Modern
Physics 56 S1 (1984), p. S200. See also the “Note on Kp(1770) and
the K»(1820)" in the K(1770) Particle Listings in the Full Review of
Particle Physics.

[00] See the “Note on K»(1770) and the K5(1820)" in the K,(1770) Particle
Listings in the Full Review of Particle Physics.

[pp] This result applies to Z9 — c<¢ decays only. Here £+ is an average (not
a sum) of e* and T decays.

[gqg] The branching fraction for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers in the Particle Listings in the Full Review of Particle
Physics.

[rr] These subfractions of the K~ n+ 7 mode are uncertain: see the Particle
Listings.

[ss] The two experiments measuring this fraction are in serious disagreement.
See the Particle Listings in the Full Review of Particle Physics.

[tt] This is not a test for the AC=1 weak neutral current, but leads to the
ntet e final state.

[uu] This mode is not a useful test for a A C=1 weak neutral current because
both quarks must change flavor in this decay.

[vv] This value is obtained by subtracting the branching fractions for 2-, 4-
and 6-prongs from unity.

[ww] This is the sum of our K-zt atz~, K-zt rta= a0 K027+ 27—,
2nton=, 27t 2n= 70, KT K= 7t n—, and Kt K= 7% 7~ x0, branching
fractions.

[xx] The branching fractions for the K~ et v, K*(892)" et e, 7~ et 1,
and p~ et v, modes add up to 6.24 + 0.18 %.

[yy] This is a doubly Cabibbo-suppressed mode.

[zz] This branching fraction includes all the decay modes of the resonance in
the final state.

[aaa] The experiments on the division of this charge mode amongst its sub-
modes disagree, and the submode branching fractions here add up to
considerably more than the charged-mode fraction.

[bbb] However, these upper limits are in serious disagreement with values ob-
tained in another experiment.

[ccc] See the Particle Listings for the (complicated) definition of this quantity.

[ddd] This fraction includes n from 7’ decays.

eee] For now, we average together measurements of the X e v and X T v,
g€ 10g e f
branching fractions. This is the average, not the sum.

[fff] We decouple the DS+ — ¢7t branching fraction obtained from mass
projections (and used to get some of the other branching fractions) from
the D: — o¢nt, ¢ — Kt K~ branching fraction obtained from the
Dalitz-plot analysis of D} — K* K~x+. That s, the ratio of these two
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branching fractions is not exactly the ¢ — K K~ branching fraction
0.491.

[ggg] This branching fraction includes all the decay modes of the final-state
resonance.

[hhh] This comes from a K-matrix parametrization of the 7+ 7~ S-wave and
is a sum over the f(980), f,(1300), f;(1200-1600), f,(1500), and
fo(1750). Not all of these correspond to particles in our Tables.

[iii] An ¢ indicates an e or a  mode, not a sum over these modes.

[ii/] An CP(+1) indicates the CP=+1 and CP=—1 eigenstates of the D-D°
system.

[kkk] D denotes D or D°.
[l D** represents an excited state with mass 2.2 < M < 2.8 GeV/c2.
[mmm]X (3872)* is a hypothetical charged partner of the X(3872).

[nnn] ©(1710)T is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.
[000] (A7 p)s denotes a low-mass enhancement near 3.35 GeV/c2.

[ppp] Stands for the possible candidates of K*(1410), K{(1430) and
K35(1430).
[qqq] B® and BY contributions not separated. Limit is on weighted average of
the two decay rates.
[rrr] This decay refers to the coherent sum of resonant and nonresonant JP
= 0% K components with 1.60 < mg » < 2.15 GeV/c2,
[sss] ©(1540)F denotes a possible narrow pentaquark state.
[ttt] These values are model dependent.
[uuu] Here “anything” means at least one particle observed.
[vwv] D** stands for the sum of the D(1P;), D(13Py), D(13P;), D(13P>),
D(2'Sy), and D(21S;) resonances.
[www] D)D) stands for the sum of D*D*, D*D, DD*, and DD.
[xxx] X(3945) denotes a near-threshold enhancement in the wJ/¢) mass spec-
trum,

[yyy] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[zzz] Dj represents an unresolved mixture of pseudoscalar and tensor D**
(P-wave) states.

[aaaa]Not a pure measurement. See note at head of Bg Decay Modes.

[bbbb] Includes pprt 7~ and excludes ppn, pPw, pP7 -

[cccc]JPC known by production in et e~ via single photon annihilation. /G
is not known; interpretation of this state as a single resonance is unclear
because of the expectation of substantial threshold effects in this energy
region.

[dddd] See COAN 06 for details.

[eeee] X = pseudoscalar with m < 7.2 GeV

[ffff] XX = vectors with m < 3.1 GeV

[gggg]1.5 GeV < mx < 5.0 GeV

[hhhh] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[iiii] 1.5 GeV < mx < 5.0 GeV
[iiij] 1.5 GeV < mx < 5.0 GeV
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N BARYONS
(5=0, I=1/2)

p, Nt =uud;, n, NO = udd

[7] 1UP) = 337)
Mass m = 1.00727646688 + 0.00000000013 u
Mass m = 938.27203 = 0.00008 MeV 12l
|m, — mp|/mp < 2x107°, CL = 90% 2]
||/ (i) = 0.99999999991 < 0.00000000009

lap + a5|/e < 2x 1072, CL = 90% (]

lap + ge|/e < 1.0x 10721 [€]

Magnetic moment o = 2.792847351 + 0.000000028 11y

(p + 1p) [/ pp = (—2.6 £2.9) x 1073

Electric dipole moment d < 0.54 x 10723 ecm

Electric polarizability o = (12.0 & 0.6) x 10~ fm3

Magnetic polarizability 5 = (1.9 + 0.5) x 10~4 fm?3

Charge radius = 0.875 £ 0.007 fm

Mean life 7 > 2.1 x 10%° years, CL = 90% (p — invisible mode)
Mean life 7 > 103! to 1033 years []  (mode dependent)

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50, 1173)
for a short review.

The “partial mean life” limits tabulated here are the limits on T/B,-, where T is
the total mean life and B; is the branching fraction for the mode in question.
For N decays, p and n indicate proton and neutron partial lifetimes.

Partial mean life

P
p DECAY MODES (1030 years) Confidence level  (MeV/c)

Antilepton + meson

N— etr > 158 (n), > 1600 (p) 90% 459
N— ptr > 100 (n), > 473 (p) 90% 453
N— vrm > 112 (n), > 25 (p) 90% 459
p— ety > 313 90% 309
p— ptn > 126 0% 297
n— vn > 158 90% 310
N— etp > 217 (n), > 75 (p) 90% 149
N— utp > 228 (n), > 110 (p) 90% 113
N— vp >19 (n), > 162 (p) 90% 149
p— etw > 107 90% 143
p— utw > 117 90% 105
n— vw > 108 90% 144
N — et K > 17 (n), > 150 (p) 90% 339

p— et K% >120 90% 337

p— etk? > 51 90% 337
N— ptK > 26 (n), > 120 (p) 90% 329

p— ptk? > 150 90% 326

p— utk? > 83 90% 326
N— vK > 86 (n), > 670 (p) 90% 339

n— vK% > 51 90% 338
p— et K*(892)0 > 84 90% 45
N — vK*(892) > 78 (n), > 51 (p) 90% 45
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Antilepton + mesons
p— etntn > 82 90% 448
p— etnlz0 > 147 90% 449
n— eta 70 > 52 90% 449
p— ptata— > 133 90% 425
p— utalx0 > 101 90% 427
n— pta a0 > 74 90% 427
n— etKOx~ >18 90% 319
Lepton + meson
n— e nt > 65 90% 459
n— 7t > 49 90% 453
n— e pt > 62 90% 150
n— pupt >7 90% 114
n— e Kt >32 90% 340
n— pu Kt > 57 90% 330
Lepton + mesons
p— e rwtrat > 30 90% 448
n— e atg0 >29 90% 449
p— p mtat > 17 90% 425
n— p~atal >34 90% 427
p— e ntK*t > 75 90% 320
p— u-atK* > 245 90% 279
Antilepton + photon(s)
p— ety > 670 90% 469
p— pty > 478 90% 463
n— vy > 28 90% 470
p— etyy > 100 90% 469
n— vyqy > 219 90% 470
Three (or more) leptons
p— etete™ > 793 90% 469
p— etutu™ > 359 90% 457
p— etuvy >17 90% 469
n— ete v > 257 90% 470
n— pte v > 83 90% 464
n— ptu v >79 90% 458
p— ptete > 529 90% 463
p— wututpu~ > 675 90% 439
p— ptuvw > 21 90% 463
p— e utput >6 90% 457
n— 3v > 0.0005 90% 470
Inclusive modes
N — et anything > 0.6 (n, p) 90% -
N — puTanything >12 (n, p) 90% -
N — et n0anything >0.6 (n, p) 90% -
AB = 2 dinucleon modes
The following are lifetime limits per iron nucleus.
pp — wtat >0.7 90% -
pn— atgl >2 90% -
nn— nta~ >0.7 90% -
nn— 7970 >34 90% -
pp — eteT >58 90% -
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pp — etut >3.6 90% -
pp — ptput >1.7 90% -
pn— etw >28 90% -
pn— utw >16 90% -
nn — veTe > 0.000049 90% -
pn — invisible >2.1x 1073 90% -
pp — invisible > 0.00005 90% -
p DECAY MODES
Partial mean life p
Mode (years) Confidence level (MeV/c)
pP— e v >7x10° 90% 469
P— puy >5x 104 90% 463
p— el >4x 105 90% 459
p— p a0 >5x 104 90% 453
pP— e n >2x10% 90% 309
P— un > 8 x 103 90% 297
p— e K% > 900 90% 337
p— p K% > 4103 90% 326
p— e K >9x103 90% 337
p— u K? >7x103 90% 326
P— e vy >2x 104 90% 469
P— pyy >2x 104 90% 463
P— € w > 200 90% 143

[=]

10P) = 13

Mass m = 1.0086649156 + 0.0000000006 u
Mass m = 939.56536 + 0.00008 MeV [4]
mp — mp = 1.2933317 + 0.0000005 MeV
= 0.0013884487 + 0.0000000006 u

Mean life 7 = 885.7 = 0.8 s

cr = 2,655 x 108 km
Magnetic moment p = —1.9130427 £ 0.0000005 ppy
Electric dipole moment d < 0.29 x 10~2% ecm, CL = 90%
Mean-square charge radius (r2) = —0.1161 £ 0.0022

fm2 (S = 1.3)
Electric polarizability o = (11.6 + 1.5) x 107* fm3
Magnetic polarizability 3 = (3.7 + 2.0) x 10~* fm3
Charge g = (—0.4 £ 1.1) x 1072t ¢
Mean nA-oscillation time > 8.6 x 107 s, CL = 90% (free n)
Mean n7i-oscillation time > 1.3 x 108's, CL = 90% ¢! (bound n)
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Decay parameters (/]

pe ve

A=ga /gy = —1.2695+0.0029 (S =2.0)
A= —-0.1173 £ 0.0013 (S = 2.3)

B = 0.9807 = 0.0030

C = —0.2377 + 0.0026

a=—0.103 £ 0.004

day = (180.06 & 0.07)° (€]
D=(-4+6)x10"*

P
n DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
pe Te 100 % 1
pe Ve [h ( 3.1340.35) x 10—3 1
Charge conservation (Q) violating mode
PreTe Q < 8 x 10727 68% 1
N(1440) Py, 10P) = 331)
Breit-Wigner mass = 1420 to 1470 (~ 1440) MeV
Breit-Wigner full width = 200 to 450 (~ 300) MeV
Re(pole position) = 1350 to 1380 (~ 1365) MeV
—2Im(pole position) = 160 to 220 (~ 190) MeV
The following branching fractions are our estimates, not fits or averages.
N(1440) DECAY MODES Fraction (I';/T) p (MeVjc)
N 0.55 to 0.75 398
Nrrm 30-40 % 347
Am 20-30 % 147
Np <8% i
N(nm) 20 e 5-10 % -
Py 0.035-0.048 % 414
p~y, helicity=1/2 0.035-0.048 % 414
nvy 0.009-0.032 % 413
n~y, helicity=1/2 0.009-0.032 % 413
N(1520) Dy3 107 =33
Breit-Wigner mass = 1515 to 1525 (~ 1520) MeV
Breit-Wigner full width = 100 to 125 (~ 115) MeV
Re(pole position) = 1505 to 1515 (~ 1510) MeV
—2Im(pole position) = 105 to 120 (~ 110) MeV
The following branching fractions are our estimates, not fits or averages.
N(1520) DECAY MODES Fraction (I';/T) p (MeVc)
N 0.55 to 0.65 457
N7y (2.3 +0.4) x 1073 154
Nmm 40-50 % 414
Am 15-25 % 230
Np 15-25 % t
N(ﬂ'fr)gfv(\),ave <8% -
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Py 0.46-0.56 % 470
py, helicity=1/2 0.001-0.034 % 470
py, helicity=3/2 0.44-0.53 % 470

nvy 0.30-0.53 % 470
n~, helicity=1/2 0.04-0.10 % 470
n+y, helicity=3/2 0.25-0.45 % 470
N(1535) S$;q 1Py =13

Breit-Wigner mass = 1525 to 1545 (~ 1535) MeV
Breit-Wigner full width = 125 to 175 (=~ 150) MeV
Re(pole position) = 1490 to 1530 (= 1510) MeV
—2Im(pole position) = 90 to 250 (~ 170) MeV

The following branching fractions are our estimates, not fits or averages.

N(1535) DECAY MODES Fraction (I';/T) P (MeV/c)

N 35-55 % 468

Nn 45-60 % 186

N 1-10 % 426
Am <1% 244
Np <4% T
N(W”)Isfv(\)/ave <3% -
N(1440) 7 <T% f

Py 0.15-0.35 % 481
py, helicity=1/2 0.15-0.35 % 481

ny 0.004-0.29 % 480
n+, helicity=1/2 0.004-0.29 % 480

N(1650) Sy, N(1675) Dy5, N(1680) Fy5, N(1700) Dy3, N(1710) Py,
N(1720) Py3, N(2190) Gy, N(2220) Hyg, N(2250) Gyg, N(2600) K 1

The N resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.

AT = yuu,

A BARYONS
(5=0, = 3/2)

At =uud, A% =udd, A~ =ddd

A(1232) P33

0Py =331

Breit-Wigner mass (mixed charges) = 1231 to 1233 (= 1232) MeV
Breit-Wigner full width (mixed charges) = 116 to 120 (~ 118) MeV

Re(pole position) = 1209 to 1211 (~ 1210) MeV
—2Im(pole position) = 98 to 102 (~ 100) MeV
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The following branching fractions are our estimates, not fits or averages.

A(1232) DECAY MODES Fraction (T';/T) p (MeVc)
N 100 % 229
N~ 0.52-0.60 % 259
N+, helicity=1/2 0.11-0.13 % 259
N+, helicity=3/2 0.41-0.47 % 259
A(1600) Ps3 1Py =334
Breit-Wigner mass = 1550 to 1700 (~ 1600) MeV
Breit-Wigner full width = 250 to 450 (= 350) MeV
Re(pole position) = 1500 to 1700 (~ 1600) MeV
—2Im(pole position) = 200 to 400 (=~ 300) MeV
The following branching fractions are our estimates, not fits or averages.
A(1600) DECAY MODES Fraction (I';/T") p (MeV/c)
N 10-25 % 513
Nrrm 75-90 % 477
Am 40-70 % 303
Np <25 % i
N(1440)7 10-35 % 82
N~y 0.001-0.02 % 525
N+, helicity=1/2 0.0-0.02 % 525
N+, helicity=3/2 0.001-0.005 % 525
A(1620) S3; 1Py =33
Breit-Wigner mass = 1600 to 1660 (~ 1630) MeV
Breit-Wigner full width = 135 to 150 (= 145) MeV
Re(pole position) = 1590 to 1610 (~ 1600) MeV
—2Im(pole position) = 115 to 120 (~ 118) MeV
The following branching fractions are our estimates, not fits or averages.
A(1620) DECAY MODES Fraction (I';/T) p (MeV/c)
N 20-30 % 534
Nrr 70-80 % 499
Am 30-60 % 328
Np 7-25 % i
N~y 0.004-0.044 % 545
N+, helicity=1/2 0.004-0.044 % 545

A(1700) D33, A(1905) Fag, A(1910) Py,
A(1920) P33, A(1930) D35, A(1950) F37, A(2420) H3 14

The A resonances listed above are omitted from this Booklet but not

from the Summary Table in the full Review.
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/A BARYONS
(S=-1,1=0)
A0 = uds

1UP) = 03

Mass m = 1115.683 + 0.006 MeV
(mp—mz) / mp=(-01+11)x1075 (S=16)
Mean life 7 = (2.631 + 0.020) x 107105 (S = 1.6)
(ta — 77) / Ta = —0.001 % 0.009
cr =7.89 cm
Magnetic moment p = —0.613 £ 0.004 upy
Electric dipole moment d < 1.5 x 1071® ecm, CL = 95%

Decay parameters

pr a_ = 0.642 % 0.013
" ¢_ = (—65+35)°
" v- =076 [
" A= (84l
nn? o = 0.65 + 0.04

pe T ga/gy = —0.718 & 0.015 []

A DECAY MODES Fraction (I;/T) p (MeVc)
pr~ (63.9 £05)% 101
nm0 (35.8 £0.5 )% 104
ny ( 1.75+0.15) x 103 162
prTy U1( 84 +1.4 )x10~4 101
pe Ve (8.324+0.14) x 1074 163
pPuT T, ( 1.57+0.35) x 10~4 131
A(1405) Sp; 1Py =0(37)

Mass m = 1406 + 4 MeV
Full width ' = 50 + 2 MeV
Below K N threshold

A(1405) DECAY MODES Fraction (;/T) p (MeV/c)
7 100 % 157
A(1520) Do3 1Py =037)

Mass m = 1519.5 & 1.0 MeV [K]
Full width T = 15.6 + 1.0 MeV [k

A(1520) DECAY MODES Fraction (I';/T) p (MeV/c)

NK 45 + 1% 243
X7 42+ 1% 268
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A 10 + 1% 259
Snmw 0.9+ 0.1% 169
Ny 0.85 + 0.15% 350

A(1600) Pg;, A(1670) Sp;, A(1690) Dg3, A(1800) Spy, A(1810) P, A(1820) Fos,
A(1830) Dy, A(1890) Py3, A(2100) Goz, A(2110) Fos. A(2350) Hog

The A resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.

> BARYONS
(S5=-1,1=1)

>t =yus, £%=uds, ¥~ =dds

I+ 0Py =137%)

Mass m = 1189.37 + 0.07 MeV (S = 2.2)
Mean life 7 = (0.8018 + 0.0026) x 10710 s

cr = 2.404 cm
(Tgs — 75.) [/ Tgs = (—06 £1.2) x 1073
Magnetic moment p = 2.458 £ 0.010 upy (S = 2.1)
Nt — nttv)/T(E~ — nl™D) < 0.043

Decay parameters

pr® ag = —0.980 73917
o do = (36 + 34)°
" 7o = 0.16 [
" Ay = (187 + 6)° 11
nat ay = 0.068 £ 0.013
" ¢, = (167 £20)° (S = 1.1)
" v, =—09711
" A+ — (7731»1?8)0 [7
Py a, = —0.76 £0.08
p
>+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pr? (51.57+0.30) % 189
nmat (48.3140.30) % 185
Py ( 1.23£0.05) x 103 225
nwt Ay 1 (45 +05)x10~4 185
Netu, (2.0 £05)x1075 71
AS = AQ (SQ) violating modes or
AS = 1 weak neutral current (S1) modes
netue 5Q <5 x 1076 90% 224
npt v, 5Q < 30 x 1075 90% 202
pete™ s1 < 7 x 1076 225

putu~ s1 (9 T3 )x1-8 121
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50 0Py =13)

Mass m = 1192.642 + 0.024 MeV

My — mygo = 4807 £ 0.035 MeV (S = 1.1)

Mmso — mp = 76.959 £ 0.023 MeV

Mean life 7 = (7.4 + 0.7) x 10~ s
or=222x10"1'm

Transition magnetic moment |y 4| = 1.61 % 0.08 puy

p
0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ny 100 % 74
Nyy < 3% 90% 74
Nete~ N s5x1073 74
I- 1Py =161
Mass m = 1197.449 + 0.030 MeV (S =1.2)
my_ — my, =8.08+0.08 MeV (S=1.9)
Mmy_ — my = 81.766 £ 0.030 MeV (S =1.2)
Mean life 7 = (1.479 + 0.011) x 107105 (S = 1.3)
cr = 4.434 cm
Magnetic moment p = —1.160 + 0.025 pupy (S = 1.7)
5~ charge radius = 0.78 & 0.10 fm
Decay parameters
nm— a_ = —0.068 + 0.008
" ¢_ = (10 + 15)°
" v_ = 0.98 [l]
" A = (24971 32y 11
ne ve ga/gy = 0.340 + 0.017 ]
" £(0)/f(0) = 0.97 £ 0.14
" D =0.11 + 0.10
Ne~ T, gv/ga=001+0101 (S=15)
" gwm/ga =24+ 171
X~ DECAY MODES Fraction (I';/T) p (MeV/c)
nm— (99.848+0.005) % 193
nmy 1( 46 +06 )x104 193
ne~ve ( 1.017+0.034) x 103 230
npT U, (45 +£04 )x10~4 210
e~ Tg (573 £0.27 ) x 10> 79
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¥ (1385) Py3 1Py =1(31)

X (1385) T mass m = 1382.8 + 0.4 MeV (S = 2.0)
X (1385)% mass m = 1383.7 + 1.0 MeV (S = 1.4)
2 (1385)"mass m = 1387.2 +£ 0.5 MeV (S =2.2)
5 (1385)*full width I = 35.8 + 0.8 MeV

X (1385)0 full width I = 36 + 5 MeV

$(1385)~full width T = 39.4 £ 2.1 MeV (S = 1.7)

Below K N threshold

p
¥(1385) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A (87.0+£1.5) % 208
Py (11.7£1.5) % 129
Ny (1.3+04)% 241
Xy < 24 x 1074 90% 173
X(1660) P1y 0Py =13

Mass m = 1630 to 1690 (~ 1660) MeV

Full width ' = 40 to 200 (= 100) MeV
X(1660) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 10-30 % 405
A seen 440
PRy seen 387

E(1670) Dy3, E(1750) Sy;, £(1775) Dy5, X(1915) Fis,
£(1940) Dy3, £(2030) Fy7, £(2250)

The X resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.

= BARYONS
(S=-2,1=1/2)

=0 = yss, == =dss
= 107) = 4)

Pis not yet measured; + is the quark model prediction.
Mass m = 1314.86 + 0.20 MeV
m—_ — m—y = 6.85 + 0.21 MeV
Mean life 7 = (2.90 % 0.09) x 10710 s
cr =8.71cm
Magnetic moment ¢ = —1.250 £ 0.014 upy
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Decay parameters

Ar® a=-0411+£0.022 (S=21)
" ¢ = (21 + 12)°
" v=0.850 _
" A = (218F73)0 [

Ny a=-0.73+£0.17

Nete~ a=-08=+02

30, a=—0.63+ 0.09

>te ve g(0)/(0) =121 +0.05
Ste we £(0)/A(0) =2.0+13

p
=0 pDECAY MODES Fraction (I';/T) Confidence level (MeV/c)
A0 (99.52540.012) % 135
Ny ( 1.17 £0.07 ) x 1073 184

Nete™ (76 +06 )x107° 184
30y (3.33 £0.10 ) x 1073 117
Ste v, (253 +£0.08 ) x 104 120
stuTp, (46 18 y106 64

AS = AQ (SQ) violating modes or
AS = 2 forbidden (S2) modes
S et Q@ < 9 x 1074 90% 112
I uty, 5Q < 9 x 10~4 90% 49
pr— 2 < 8 x10~6 90% 299
pe Ue $2 < 13 x 1073 323
prT T, $2 < 13 x 1073 309
=- 10Fy =361
P is not yet measured; + is the quark model prediction.
Mass m = 1321.71 £+ 0.07 MeV
Mean life 7 = (1.639 + 0.015) x 10710 s
cr =491 cm
Magnetic moment p = —0.6507 £ 0.0025 pp
Decay parameters
A~ o =—0458 £ 0012 (S=18)
[(Z)a_(A) — a(EH)ar(A)] / [sum] = (0 £ 7) x 1074
" ¢=(-21+£08)°
" v =089l _
" A= (1759 + 1.5)° [
Ae~Te  ga/gv = —0.25 + 0.05 7]

P
=~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Am™ (99.887+0.035) % 140
Sy (1.27 +0.23 )x 104 118
Ne" Tg (563 £031 )x 104 190
A=, (35 335 )xw0? 163
30e 7, (87 +£17 )x107° 123
-7, < 8 x 104 90% 70
e 7, < 23 x 1073 90% 7
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AS = 2 forbidden (52) modes

nmw- $2 < 19 x 1072 90% 304
ne” v $2 < 32 x 1073 90% 327
np— vy, S2 < 15 % 90% 314
pr $2 < 4 x 1074 90% 223
prT e Vg $2 < 4 x 1074 90% 305
P BT, $2 < 4 x 1074 90% 251
puT T L < 4 x 1078 90% 272
=(1530) P13 1Py =33

=(1530)° mass m = 1531.80 £ 0.32 MeV (S = 1.3)
=(1530)"mass m = 1535.0 &+ 0.6 MeV

=(1530)° full width T = 9.1 & 0.5 MeV
=(1530)~full width T = 9.9715 Mev

p
=(1530) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
= 100 % 158
= <4 % 90% 202

=(1690), =(1820) Dy3, =(1950), =(2030)

The = resonances listed above are omitted from this Booklet but not
from the Summary Table in the full Review.

2 BARYONS
(5=-3,1=0)

2~ =sss
Q- 1Py = 031)
JP = %"' is the quark-model prediction; and J = 3/2 is fairly well

established.
Mass m = 1672.45 = 0.29 MeV
(mo- — mgy) [ mg- =(—1+£8)x107°
Mean life 7 = (0.821 + 0.011) x 10710 s
cr = 2.461 cm
(Tg- — Tg+) [ Tg- = —0.002 & 0.040
Magnetic moment ¢ = —2.02 &+ 0.05 puy

Decay parameters

AK— « = 0.0180 + 0.0024
AK=, AKT (a + a@)/(a —@) = —0.02 £ 0.13
00— a=0.09 +0.14

= q0 a = 0.05 + 0.21
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P
2~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
AK™ (67.8+£0.7) % 211
07— (23.6£0.7) % 204
Za0 (8.6+0.4) % 289
Zatam (43+33) 104 189

=(1530)% 7~ (6415104 17
Ve~ 7, (5.6+2.8) x 1073 319
ZTy < 46 x 1074 90% 314

AS = 2 forbidden (52) modes
A~ 52 < 29 x 1076 90% 449
2(2250) 1JP) = 0?%)
Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV
£2(2250)— DECAY MODES Fraction (I';/T) p (MeV/c)
=z atK- seen 532
=(1530)0 K~ seen 437
A =ude, T =uwue, £f =udc, 0=ddc,
= =usc, 20=dsc, 2% =ssc
Ar 10P) =03 ™)
J is not well measured; % is the quark-model prediction.
Mass m = 2286.46 £+ 0.14 MeV
Mean life 7 = (200 + 6) x 107 s (S = 1.6)
cr = 59.9 um
Decay asymmetry parameters
Art a=-091+0.15
>+70 a=—0.4540.32
MF v, a=-0.86+ 0.04
(a +@)/(a—@) in Af = Axt, A7 — Ax~ = —0.07 £ 0.31

(a +@)/(a—a) in Af — Aetwe, A7 = Ae"T = 0.00 £ 0.04

Nearly all branching fractions of the At are measured relative to the pK—nt
mode, but there are no model-independent measurements of this branching
fraction. We explain how we arrive at our value of B(Aé’ — pK~xt)inaNote
at the beginning of the branching-ratio measurements in the Listings. When
this branching fraction is eventually well determined, all the other branching
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fractions will slide up or down proportionally as the true value differs from the

value we use here.

Scale factor/ p
A: DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
Hadronic modes with a p: S = —1 final states
pK® (23 +£06)% 873
pK—xt [m (50 +13)% 823
pK*(892)0 [n] (16 + 05)% 685
A(1232)T T K~ (86 + 3.0)x103 710
A(1520) 7+ [n] (18 +06)% 627
p K~ 7t nonresonant (2.8 +08)% 823
p K070 (33 +10)% 823
pK9yp (12 + 04)% 568
pKOnt o~ (26 +07)% 754
pK—at 70 (34 +10)% 759
pK*(892)~ 7t [l (114 05)% 580
P(K~ 7 )nonresonant 0 (36 +12)% 759
A(1232) K*(892) seen 419
pK ntrtz— (11 + 08 )x1073 671
pK—at 7070 (8 +4 )x1073 678
Hadronic modes with a p: S = 0 final states
prt o™ (35 + 20)x103 927
p1(980) [n] (28 + 1.9)x1073 622
prtata—n~ (18 £ 1.2 )x1073 852
pKT K= (77 £ 35)x1074 616
po [ (82 4+ 27)x10~% 590
pKT K~ non-¢ (35 + 1.7 )x1074 616
Hadronic modes with a hyperon: S = —1 final states
Art ( 1.07+ 0.28) % 864
Antz0 (36 +13)% 844
Apt <5 % CL=95% 635
Artata— (26 +07)% 807
F(1385)trtr—, ¥t — (7 +4 )x1073 688
Art
X(1385) 7t at, £¥ — (55 + 1.7 )x1073 688
Vi
Antp0 (1.1 + 05)% 523
>(1385)F p0, =t — Axt (3.7 +31)x1073 363
AxT 7t 77 nonresonant < 8 x1073  CL=90% 807
Artrt z= x0total (1.8 + 08)% 757
Aty [N (18 £06)% 691
> (1385)* [ (85 + 33)x1073 570
NArtw [ (12 +05)% 517
Antatr=729, nonorw < 7 x1073  CL=90% 757
AKTKO (47 £ 15)x1073 S=1.2 443
Z(1690)° KT, =0 — AKO (13 + 05 )x1073 286
0rt (1.05+ 0.28) % 825
>sta0 ( 1.00+ 0.34) % 827
>ty (55 + 23)x1073 713
Stoto— (36 +1.0)% 804
0 < 14 % CL=95% 575
Yoatat (19 + 08)% 799
0t 70 (1.8 + 08)% 803
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YO0rtaty— (83 + 31)x1073 763
Stota— g0 — 767
Stw [ (27 +10)% 569
StKT K™ (28 + 08 )x103 349
Ito [l (32 + 1.0)x103 295
Z(1690)°K*, =0 . yt K- (82 + 31 )x1074 286
Y+ KT K~ nonresonant < 7 x1074%  CL=90% 349
=0kt (3.9 + 1.4 )x10-3 653
Z-Ktat (51 + 1.4 )x1073 565
(15300 Kt [l (26 + 1.0)x10-3 473
Hadronic modes with a hyperon: S = 0 final states
AKT (50 £ 1.6 )x 1074 781
AKtrto— < 4 x10~4  CL=90% 637
SOK+ (42 + 13 )x 1074 735
SOKt < 21 x 1074 CL=90% 574
StKtn— (17 £ 07 )x103 670
>t K*(892)° M (28 + 1.1)x1073 470
SoKtat < 1.0 x1073  CL=90% 664
Doubly Cabibbo-suppressed modes
pKtm~ < 23 x1074%  CL=90% 823
Semileptonic modes
Mty [o] (20 + 06)% 871
NeTvg (21 +06)% 871
Auty, (20 +£07)% 867
Inclusive modes
et anything (45 £ 1.7)% -
pet anything (1.8 £09)% -
p anything (50 +16 )% -
p anything (no A) (12 +19 )% -
n anything (50 +16 )% -
n anything (no A) (29 £17 )% -
A anything (35 +11 )% S=1.4 -
Zianything [Pl (10 £5 )% -
3prongs (24 +£8 )% -
AC = 1 weak neutral current (C1) modes, or
Lepton number (L) violating modes
putu~ c1 < 34 x 1074 CL=90% 937
Sptpt L < 70 x 1074 CL=90% 812
Ac(2595)* 1Py =03~

The spin-parity follows from the fact that X-(2455) 7 decays, with
little available phase space, are dominant. This assumes that JP =

1/27F for the £.(2455).

Mass m = 2595.4 + 0.6 MeV
+ =3089+06MeV (S=1.1)
(4

m—mA

(S=11)

Full width T = 3.6 723 MeV



Baryon Summary Table 139

/\?Ww and its submode X (2455)7 — the latter just barely — are the only

strong decays allowed to an excited /\2’ having this mass; and the submode
seems to dominate.

Ac(2595)+ DECAY MODES Fraction (I';/T) p (MeVc)
Arrtr= [q]~ 67 % 124
X (2455) Tt 7~ 24+7% 28
5 (2455)0 7t 8 +£7% 28
At 7+ 7~ 3-body 18+10% 124
/\? 70 [r] not seen 261
/\? o' not seen 291
Ac(2625)* 1Py =0(37)

JP has not been measured; %* is the quark-model prediction.

Mass m = 2628.1 + 0.6 MeV (S = 1.5)

m—m, =341.7+06MeV (S=16)

Full width T < 1.9 MeV, CL = 90%

Aérmr and its submode X (2455) 7 are the only strong decays allowed to an

excited /\2’ having this mass.

P
A(2625)F DECAY MODES Fraction (';/T) Confidence level  (MeV/c)
Arrtr= l[a =~67% 184
X (2455) Tt 7~ <5 90% 102
X (2455)0 nt <5 90% 102
/\2’ 7+ 7~ 3-body large 184
/\? 70 [r] not seen 293
/\j’y not seen 319
Ac(2880)* 1UP) =03
There is some good evidence that indeed JP = 5/2+
Mass m = 2881.53 &+ 0.35 MeV
m-m,., = 595.1 £+ 0.4 MeV
C
Full width T = 5.8 £ 1.1 MeV
Ac(2880)+ DECAY MODES Fraction (I';/T) p (MeV/c)
/\? ata~ seen 471
5 (2455)0t+ pE seen 376
. (2520)0 -+ % seen 317

pDO seen 316
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Ac(2940)* 1UP) = 079

Mass m = 293.9.3‘1’1:‘51 MeV
Full width T = 178 Mev

/Ic(2940)+ DECAY MODES Fraction (I';/T) p (MeV/c)

pD° seen 420

5 (2455)0+ pE seen -
X (2455) 1Py =131

JP has not been measured; %* is the quark-model prediction.

¥ .(2455) T mass m = 2454.02 + 0.18 MeV

X .(2455)* mass m = 2452.9 & 0.4 MeV

(2455)° mass m = 2453.76 + 0.18 MeV
Mypps = My = 167.56 + 0.11 MeV

Mey — M, = 166.4 + 0.4 MeV
50— My = 167.30 + 0.1 MeV

c c

Mgy — Mg = 0.27 £ 0.11 MeV (S =1.1)

Cc C
m = —0.9 £ 0.4 MeV
R

3 (2455) T full width [ = 2.23 + 0.30 MeV

Tc(2455)F full width T < 4.6 MeV, CL = 90%
X(2455)° full width I = 2.2 + 0.4 MeV (S = 1.4)

m

—m

A?w is the only strong decay allowed to a X having this mass.
X -(2455) DECAY MODES Fraction (I';/T) p (MeVjc)
Aer ~ 100 % 94
Z(2520) 1Py =13%)

JP has not been measured; %Jr is the quark-model prediction.

Y (2520)**mass m = 2518.4 & 0.6 MeV (S = 1.4)
X .(2520)t mass m = 2517.5 + 2.3 MeV
5.(2520)° mass m = 2518.0 + 0.5 MeV
My (2520)++ — mA3 =2319+ 0.6 MeV (S =1.5)
My (2520)+ ~ m/lzr = 231.0 £+ 2.3 MeV
My (25200 = My = 231.6 + 0.5 MeV (S = 1.1)
My (a500)++ — My (2500)0 = 0-3 £ 0.6 MeV (S =1.2)
Xc(2520)F full width T = 14.9 + 1.9 MeV
Xc(2520)F  full width T < 17 MeV, CL = 90%
5.(2520)°  full width I = 16.1 + 2.1 MeV
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A'; m is the only strong decay allowed to a X~ having this mass.

X (2520) DECAY MODES Fraction (I';/T) p (MeV/c)
Arr ~100 % 180
5(2800) 1JPy =19
5(2800)t+ mass m = 28011 ¢ MeV
5(2800)T mass m = 27921} Mev
T(2800)° mass m = 28023 MeV
_cqath
My (2800)++ — mAZr = 5147 ¢ MeV
_ rr+14
My (2800)+ ~ mA2r = 5057 "5 MeV
1
mXC(2800)0 — mAz, =515"5 MeV
5£(2800)F full width I = 75722 MeV
5£(2800)F full width I = 62753 MeV
5(2800)° full width I = 61728 Mev
X -(2800) DECAY MODES Fraction (I';/T) p (MeV/c)
+
Alm seen 443
=t 1Py =331
JP has not been measured; %"‘ is the quark-model prediction.
Mass m = 2467.9 &+ 0.4 MeV
Mean life 7 = (442 £ 26) x 1071%s (S = 1.3)
cr = 132 um
p
Eg’ DECAY MODES Fraction (I';/T) Confidence level (MeVc)
No absolute branching fractions have been measured.
The following are branching ratios relative to =~ 7+ x+.
Cabibbo-favored (S = —2) decays
pKIKY [s] 0.08740.022 767
ARt — 852
> (1385)*F KO [ns] 10 +05 746
AK 7tat [s] 0.32340.033 787
AK*(892)0 7t [ns] <0.2 90% 608
>(1385)t K~ 7t [n,s] <0.3 90% 678
StK— ot [s] 0.94 +0.11 811
Tt K*(892)° [ns] 081 +0.15 658
SOK— gt ot [s] 029 +£0.16 735
0t [s] 055 +£0.16 877
Zatat [s] DEFINED AS 1 851
=(1530)0 7t [n.s] <0.1 90% 750
Z0pt 40 [s] 234 +£0.68 856
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gt pta— [s] 1.74 £0.50 818
Z0ety, ] 23 5% 884
- Ktnt [s] 0.07 +0.04 399
Cabibbo-suppressed decays
pK—at [s] 021 +0.03 944
pK*(892)° [ns] 0.12 +0.02 828
STKTK- [s] 0.15 +0.07 580
Ite [n,s] <0.11 90% 549
Z(1690)° K*, =(1690)0 — [s] <0.05 90% 501
StK-
=2 1P =364

JP has not been measured; %* is the quark-model prediction.
Mass m = 2471.0 + 0.4 MeV
m_o —m_+:3liOSI\/IeV
Mean ffe r — (112+13) x 10715 g
cr = 33.6 um
Decay asymmetry parameters
=7t a=-06=+04

No absolute branching fractions have been measured. Several measurements of
ratios of fractions may be found in the Listings that follow.

Eg DECAY MODES Fraction (T';/T) p (MeV/c)
pK~ K~ nt seen 676
pK~K*(892)° seen 413
pK~ K~ no K*(892)° seen 676
N Kg seen 906
AR Ot = seen 787
AK—atata~ seen 703
==at seen 875
Zoatatre seen 816
N-K*t seen 523
Zmety, seen 882
=~ (T anything seen -
= 1P = 36)

JP has not been measured; %+ is the quark-model prediction.

Mass m = 2575.7 + 3.1 MeV
m_,; — m_; = 107.8 £ 3.0 MeV
~c

~c

The E’C"'—E'C" mass difference is too small for any strong decay to occur.

=+ DECAY MODES Fraction (T;/T) p (MeV/c)

=+
=7 seen 106
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= 1Py =334

JP has not been measured; %* is the quark-model prediction.
Mass m = 2578.0 + 2.9 MeV
m_n — m—o = 107.0 £ 2.9 MeV
~c ~c
The =0 — =0

=¢ mass difference is too small for any strong decay to occur.

E'co DECAY MODES Fraction (I';/T) p (MeV/c)

=0
=" seen 105

=,(2645) 10P) =337%)
JP

has not been measured; 2% is the quark-model prediction.

Z-(2645)" mass m = 2646.6 = 1.4 MeV (S = 1.6)
Z.(2645)% mass m = 2646.1 + 1.2 MeV
M= (2645)+ ~ m_:(c) =1756 £ 1.4 MeV (S =1.7)
m_:c(2645)0 — m_:c+ =178.2 + 1.1 MeV
Z.(2645)* full width I < 3.1 MeV, CL = 90%
Z.(2645)° full width I < 5.5 MeV, CL = 90%

=, is the only strong decay allowed to a = resonance having this mass.

=,(2645) DECAY MODES Fraction (I';/T) p (MeV/c)
=0 _+ seen 102
:_? - seen 107

=.(2790)
JP

10P) =13

has not been measured; %* is the quark-model prediction.

Zc(2790)" mass = 2789.2 & 3.2 MeV

=.(2790)° mass = 2791.9 + 3.3 MeV

M= (3700)+ — Mz0 = 318.2 % 3.2 MeV

M= 2790 — Mzt = 324.0 + 3.3 MeV

~c

Z.(2790)t width < 15 MeV, CL = 90%

Z.(2790)° width < 12 MeV, CL = 90%
Z,(2790) DECAY MODES Fraction (I';/T) p (MeVfc)
=/

=c ™ seen

159
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=c(2815) 0Py =137

JP

=-(2815) mass m = 2816.5 + 1.2 MeV
Z,(2815)0 mass m = 2818.2 & 2.1 MeV

M= (2815)+ ~ m_:j = 348.6 = 1.2 MeV

M= (2815)0 — m_:(c) = 347.2 + 2.1 MeV
=.(2815)* full width T < 3.5 MeV, CL = 90%
=.(2815)° full width I < 6.5 MeV, CL = 90%

The =77 modes are consistent with being entirely via = (2645) 7.

has not been measured; %* is the quark-model prediction.

=,(2815) DECAY MODES Fraction (I;/T) p (MeVjc)
:_'C" ata— seen 196
_:g ata~ seen 191
—_— ?
Zc(2980) 1Py =329
=c(2980)T m = 2974 £ 5 MeV (S = 2.3)
Z0(2980)° m = 2974 + 4 MeV
Z£(2980)T width ' = 33 + 8 MeV (S = 1.3)
=,(2980)° width I = 31 4 11 MeV
=c(2980) DECAY MODES Fraction (I';/T) p (MeV/c)
/\?Rﬂ' seen 244
T (2455)K seen 151
/\?7 not seen 421
- ?
=c(3080) 1Py =37
=£(3080)" m = 3077.0 & 0.4 MeV
Z,(3080)° m =3079.9 + 1.4 MeV (S = 1.3)
=-(3080)T width I = 5.8 & 1.0 MeV
=.(3080)° width [ = 5.6 + 2.2 MeV
=(3080) DECAY MODES Fraction (I';/I") p (MeVyc)
/\?771’ seen 415
25(2455)K - seen 342
X (2455)K + X (2520)K seen -
/\2’ K not seen 536
/\2'?71"" T not seen 143
0 Py _ o1
° 147) = 0(z™)

JP has not been measured; %“' is the quark-model prediction.

Mass m = 2697.5 + 2.6 MeV (S = 1.2)
Mean life 7 = (69 + 12) x 10715 5
cr =21 pym



Baryon Summary Table 145

No absolute branching fractions have been measured.

20 DECAY MODES Fraction (I';/T) p (MeV/c)
StTK-K rt seen 691
0K—xt seen 903
= K atnat seen 832
N et seen 830
-t seen 822
- 7ta0 seen 798
Q n ntgt seen 754
— 3
2:(2770)° 1Py =0(3%)

JP has not been measured; %+ is the quark-model prediction.

Mass m = 2768.3 = 3.0 MeV (S =1.2)
Mo (o100 — Mo = 70.8 & 1.5 MeV

The _Qc(2770)0—_(2(c) mass difference is too small for any strong decay to occur.

.flc(2110)0 DECAY MODES Fraction (I';/T) p (MeV/c)

_Q(C)'y presumably 100% 70

BOTTOM BARYONS
(B=-1)

A} =udb, =9 = usb, =, = dsb

A 1UP) = o3 )

I(JP) not yet measured; O(%*) is the quark model prediction.
Mass m = 5620.2 + 1.6 MeV
mp, — Mgo = 339.2 = 1.4 MeV
Mean life 7 = (1.38370:039) x 10712
cr = 415 pm

These branching fractions are actually an average over weakly decaying b-
baryons weighted by their production rates in Z decay (or high-energy pp),
branching ratios, and detection efficiencies. They scale with the LEP b-baryon
production fraction B(b — b-baryon) and are evaluated for our value B(b —
b-baryon) = (9.2 + 1.8)%.

The branching fractions B(b-baryon — AL~ Tyanything) and B(/\g —

A'C"Z_F[anything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored
Hadrons.”

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.
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P
Ag DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
J/p(AS)A (4.7+2.8) x 1074 1741
At r= (8.843.2) x 10~3 2343
A ay(1260)~ seen 2153
A ¢~ Dyanything [t] (9.9+2.6) % -
AT, G0+l % 2345
Arata— 7, (5.6+£3.1) % 2335
ph~ [u] <23 x 1075 90% 2730
pr < 5.0 x 1075 90% 2730
pK~— <50 x 1075 90% 2709
Ay <13 x 1073 90% 2699
L 10P) =13
I, J, P need confirmation.
Mass m(X}) = 5807.8 + 2.7 MeV
Mass m(X ) = 5815.2 + 2.0 MeV
5}, DECAY MODES Fraction (I';/T) p (MeV/c)
/\gﬂ' dominant 128
I 0Py =131)
I, J, P need confirmation.
Mass m(X31) = 5829.0 & 3.4 MeV
Mass m(Z£}~) = 5836.4 + 2.8 MeV
me, — my, =212+ 2.0 MeV
=5 Zp
X} DECAY MODES Fraction (T;/T) p (MeVjc)
/\g‘ﬂ' dominant 156
=5 1UP) = 31
I, J, P need confirmation.
Mass m = 5792.4 + 3.0 MeV
Mean life 7 = (1.427328) x 10712
p
=} DECAY MODES Fraction (I';/T) Scale factor (MeV/c)
Zp— T X xB(b— Zp) (3.9+1.2) x 104 14 -

_:; — J/i/i_:fxB(B —
=p)/B(b — Ap)

(1.3£1.0) x 104
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b-baryon ADMIXTURE (As, Zp, Zp, 2)

Mean life 7 = (1.31970:032) x 10712 s

These branching fractions are actually an average over weakly decaying b-
baryons weighted by their production rates in Z decay (or high-energy pp),
branching ratios, and detection efficiencies. They scale with the LEP b-baryon
production fraction B(b — b-baryon) and are evaluated for our value B(b —
b-baryon) = (9.2 + 1.8)%.

The branching fractions B(b-baryon —  A¢™ yanything) and B(/\g —

A?é‘ﬁganything) are not pure measurements because the underlying mea-
sured products of these with B(b — b-baryon) were used to determine B(b —
b-baryon), as described in the note “Production and Decay of b-Flavored
Hadrons.”

For inclusive branching fractions, e.g., B — Dianything, the values usually
are multiplicities, not branching fractions. They can be greater than one.

b-baryon ADMIXTURE DECAY MODES

(Aps=psZps2p) Fraction (I';/T) p (MeVc)
pu~ Tanything (53t 239 -
plTyanything (51+ 1.4) % -
panything (64 +£23 )% -
AL~ Dypanything (35+ 0.8)% -
A/ Aanything (3 +9 )% -
=7 (" ppanything ( 6.0+ 1.8)x1073 -
NOTES

This Summary Table only includes established baryons. The Particle Listings include
evidence for other baryons. The masses, widths, and branching fractions for the
resonances in this Table are Breit-Wigner parameters, but pole positions are also
given for most of the N and A resonances.

For most of the resonances, the parameters come from various partial-wave analyses
of more or less the same sets of data, and it is not appropriate to treat the results
of the analyses as independent or to average them together. Furthermore, the
systematic errors on the results are not well understood. Thus, we usually only
give ranges for the parameters. We then also give a best guess for the mass (as
part of the name of the resonance) and for the width. The Note on N and A
Resonances and the Note on A and X Resonances in the Particle Listings review
the partial-wave analyses.

When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N is the
number of measurements used in calculating the quantity. We do this when S > 1,
which often indicates that the measurements are inconsistent. When S > 1.25,
we also show in the Particle Listings an ideogram of the measurements. For more
about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For
a 3-or-more-body decay, p is the largest momentum any of the products can have
in this frame. For any resonance, the nominal mass is used in calculating p. A
dagger (“1”) in this column indicates that the mode is forbidden when the nominal
masses of resonances are used, but is in fact allowed due to the nonzero widths of
the resonances.
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[a] The masses of the p and n are most precisely known in u (unified
atomic mass units). The conversion factor to MeV, 1 u = 931.494043 +
0.000080 MeV, is less well known than are the masses in u.

[b] These two results are not independent, and both use the more precise
measurement of |gs/mp|/(qp/mp).

[c] The limit is from neutrality-of-matter experiments; it assumes g, = q, +
ge. See also the charge of the neutron.

[d] The first limit is for p — anything or " disappearance” modes of a bound
proton. The second entry, a rough range of limits, assumes the dominant
decay modes are among those investigated. For antiprotons the best
limit, inferred from the observation of cosmic ray p's is 75 > 107
yr, the cosmic-ray storage time, but this limit depends on a number of
assumptions. The best direct observation of stored antiprotons gives
75/B(P — e7v) > 7 x 105 yr.

[e] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The first limit here is from reactor experiments with
free neutrons.

[f] The parameters g4, gv, and g for semileptonic modes are defined by
Brlva(gv + gavs) + i(gwm/mp;) o, ¢”]Bi. and ¢ay is defined by

galgv = }gA/gV|ei¢AV. See the “Note on Baryon Decay Parameters”
in the neutron Particle Listings in the Full Review of Particle Physics.

[g] Time-reversal invariance requires this to be 0° or 180°.
[h] This limit is for  energies between 35 and 100 keV.
[i] The decay parameters v and A are calculated from « and ¢ using

v =v1-a? cosg, tanA = —% V1-a2 sing.
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings in the Full Review of Particle Physics.

[/] See Particle Listings in the Full Review of Particle Physics for the pion
momentum range used in this measurement.

[k] The error given here is only an educated guess. It is larger than the error
on the weighted average of the published values.

[ A theoretical value using QED.

[m] See the note on “/\i Branching Fractions” in the /\i Particle Listings in
the Full Review of Particle Physics.

[n] This branching fraction includes all the decay modes of the final-state
resonance.

[o] An ¢ indicates an e or a u mode, not a sum over these modes.

[p] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[q] Assuming isospin conservation, so that the other third is A} 7070,

[r] A test that the isospin is indeed 0, so that the particle is indeed a /\2’.

[s] No absolute branching fractions have been measured. The value here is
the branching ratio relative to =~ 7T 7,

[t] Not a pure measurement. See note at head of /\g Decay Modes.

[u] Here h™ means 7~ or K.
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SEARCHES FOR
MONOPOLES,
SUPERSYMMETRY,
TECHNICOLOR,
COMPOSITENESS,
EXTRA DIMENSIONS, etc.

Magnetic Monopole Searches

Isolated supermassive monopole candidate events have not been con-
firmed. The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 1.0x 1073 em=2sr 1571 for1.1x 1074 <3< 0.1

Supersymmetric Particle Searches

Limits are based on the Minimal Supersymmetric Standard Model.
Assumptions include: 1) )Z(l’ (or 7) is lightest supersymmetric particle;

2) R-parity is conserved; 3) With the exception of t and b, all scalar
quarks are assumed to be degenerate in mass and mg, = mg 4) Limits

for sleptons refer to the ZR states. 5) Gaugino mass umflcatlon at the
GUT scale.

See the Particle Listings in the Full Review of Particle Physics for a Note
giving details of supersymmetry.
X% — neutralinos (mixtures of 3, Z°, and H?)
Mass m;(o > 46 GeV, CL = 95%
[all tanﬁ all mg, all moo — m~0]
Mass m-, 2 > 62.4 GeV, CL =95%
[1<tan8 <40, all mg, all m~0 — mXO]
Mass myp > 99.9 GeV, CL = 95%
3
[I<tang <40, all mg, all m_y — m_]
Xo X1
Mass myo > 116 GeV, CL = 95%
4
[I<tanf <40, all mg, all my — m_o]
X3 X1

)Zli — charginos (mixtures of W= and Itlli)

Mass M > 94 GeV, CL = 95%
1
[tangB < 40, m_y — m_o > 3 GeV, all mg]
Xi X5

€ — scalar electron (selectron)
Mass m > 73 GeV, CL =95% [all ng—m;(o]
1

1t — scalar muon (smuon)

Mass m > 94 GeV, CL = 95%

[1 <tanp < 40, mﬁR—mi? > 10 GeV]
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7 — scalar tau (stau)

Mass m > 81.9 GeV, CL = 95%
[mz, — m;(? >15 GeV, all 6,]
q — scalar quark (squark)

These limits include the effects of cascade decays, evaluated as-
suming a fixed value of the parameters x and tan. The limits
are weakly sensitive to these parameters over much of parameter
space. Limits assume GUT relations between gaugino masses and
the gauge coupling.

Mass m > 379 GeV, CL =95% [tanf =2, u <0, A = 0]

b — scalar bottom (shottom)

Mass m > 89 GeV, CL =95%  [m; — mso >8 GeV, all 0 ]
1

by
t — scalar top (stop)

Mass m > 95.7 GeV, CL = 95%
[f— cx) all 0y, my — mge >10 GeV]

g — gluino
The limits summarised here refer to the high-mass region (mg P
5GeV), and include the effects of cascade decays, evaluated as-
suming a fixed value of the parameters x and tan. The limits
are weakly sensitive to these parameters over much of parameter
space. Limits assume GUT relations between gaugino masses and
the gauge coupling,
Mass m > 308 GeV, CL = 95% [any mg]

Mass m > 390 GeV, CL = 95%  [mg = mg]

Searches for a color-octet techni-p constrain its mass to be greater than
260 to 480 GeV, depending on allowed decay channels. Similar bounds
exist on the color-octet techni-w.
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Quark and Lepton Compositeness,
Searches for

Scale Limits A for Contact Interactions

(the lowest dimensional interactions with four fermions)

If the Lagrangian has the for|

m

2 - -
+ £ b brdir e
(with g2 /47 set equal to 1), then we define A = AJ,. For the

full definitions and for other forms, see the Note in the Listings on
Searches for Quark and Lepton Compositeness in the full Review

and the original literature.
Af (eeee)

N[ (eeee)

A (rprqq)
A(vtv)
Nevqq)

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
N, (qaqq) >
A (gaqq) >
/\ZrL(l/qu) >
A (wvaq) >

Excited Leptons

The limits from £** ¢*~ do not depend on X\ (where X is the ¢¢*

8.3 TeV, CL = 95%
10.3 TeV, CL = 95%
8.5 TeV, CL = 95%
7.3 TeV, CL = 95%
5.4 TeV, CL = 95%
7.2 TeV, CL = 95%
9.0 TeV, CL = 95%
9.5 TeV, CL = 95%
23.3 TeV, CL = 95%
12.5 TeV, CL = 95%
11.1 TeV, CL = 95%
26.4 TeV, CL = 95%
1.0 TeV, CL = 95%
2.1 TeV, CL = 95%
5.6 TeV, CL = 95%
4.9 TeV, CL = 95%
2.9 TeV, CL = 95%

4.2 TeV, CL = 95%
3.10 TeV, CL = 90%
2.81 TeV, CL = 95%
2.7 TeV, CL = 95%

2.4 TeV, CL = 95%
5.0 TeV, CL = 95%
5.4 TeV, CL = 95%

transition coupling). The A-dependent limits assume chiral coupling.

*+

e** — excited electron

Mass m > 103.2 GeV, CL = 95%  (from e*e*)
Mass m > 255 GeV, CL = 95% (from ee*)
Mass m > 310 GeV, CL = 95%  (if A, = 1)
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p*E — excited muon

Mass m > 103.2 GeV, CL = 95%  (from p* p*)
Mass m > 221 GeV, CL = 95%  (from pp*)

7% — excited tau

Mass m > 103.2 GeV, CL = 95%  (from 7% 7*)
Mass m > 185 GeV, CL = 95%  (from 77%)
v* — excited neutrino

Mass m > 102.6 GeV, CL = 95%  (from v*1v*)
Mass m > 190 GeV, CL = 95%  (from vv™*)

q* — excited quark

Mass m > 45.6 GeV, CL = 95% (from g*g*)
Mass m  (from g*X)

Color Sextet and Octet Particles

Color Sextet Quarks (gg)

Mass m > 84 GeV, CL = 95% (Stable gg)
Color Octet Charged Leptons (¢g)

Mass m > 86 GeV, CL = 95%  (Stable {g)
Color Octet Neutrinos (vg)

Mass m > 110 GeV, CL = 90% (vg — vg)

Extra Dimensions

Please refer to the Extra Dimensions section of the full Review for
a discussion of the model-dependence of these bounds, and further
constraints.
Constraints on the fundamental gravity scale
My > 1.1 TeV, CL =95% (dim-8 operators; pp — ete™, v7)
Mp > 1.1TeV,CL=95% (ete” — G~; 2-flat dimensions)
Mp > 3-1000 TeV  (astrophys. and cosmology; 2-flat dimensions;
limits depend on technique and assumptions)
Constraints on the radius of the extra dimensions,
for the case of two-flat dimensions of equal radii
r< 90-660 nm (astrophysics; limits depend on technique and
assumptions)
r< 0.22mm, CL = 95% (direct tests of Newton's law; cited in
Extra Dimensions review)




Tests of Conservation Laws 153

TESTS OF CONSERVATION LAWS

Updated June 2008 by L. Wolfenstein (Carnegie-Mellon Univer-
sity), T.G. Trippe (LBNL), and C.-J. Lin (LBNL).

In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass differences, and moments, and on a
few reactions, whose observation would violate conservation laws.
The Table is given only in the full Review of Particle Physics, not in
the Particle Physics Booklet. For the benefit of Booklet readers, we
include the best limits from the Table in the following text. Limits
in this text are for CL=90% unless otherwise specified. The Table is
in two parts: “Discrete Space-Time Symmetries,” i.e., C, P, T, CP,
and CPT; and “Number Conservation Laws,” i.e., lepton, baryon,
hadronic flavor, and charge conservation. The references for these
data can be found in the the Particle Listings in the Review. A
discussion of these tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invariance un-
der the combined transformation C'PT. The simplest tests of CPT
invariance are the equality of the masses and lifetimes of a particle
and its antiparticle. The best test comes from the limit on the mass
difference between K° and K. Any such difference contributes to
the CP-violating parameter €. Assuming C'PT invariance, ¢, the
phase of € should be very close to 44°. (See the review “C'P Viola-
tion in K, decay” in this edition.) In contrast, if the entire source
of C'P violation in K9 decays were a K0 — K mass difference, ¢,
would be 44° + 90°.

Assuming that there is no other source of C' PT violation than this
mass difference, it is possible to deduce that|[1]

2(mpo —mpgo) |7] (21— + 5000 — dsw)

sin dgw

m—o —Mmgo =
78 K

)

where ¢gw = (43.51 £ 0.05)°, the superweak angle. Using our
best values of the CP-violation parameters, we get |(TTLE0 -
mpo)/myo| < 0.8 x 10718 at CL=90%. Limits can also be placed
on specific C PT-violating decay amplitudes. Given the small value
of (1 — |noo/n+—1), the value of ¢gg — ¢+_ provides a measure of
CPT violation in K? — 2m decay. Results from CERN [1] and

Fermilab [2] indicate no C'PT-violating effect.
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CP AND T INVARIANCE

Given C'PT invariance, C'P violation and T violation are equiv-
alent. The original evidence for CP violation came from the
measurement of [ni_| = |[A(K) — ntn7)/AKY — 77n7)| =
(2.23340.012) x 1073, This could be explained in terms of KO K’
mixing, which also leads to the asymmetry [[(KY — 7~ etv) —
I'(KY — nfe )] /[sum] = (0.334£0.007)%. Evidence for CP vio-
lation in the kaon decay amplitude comes from the measurement of
(1 — |noo/n+—1)/3 = Re(e'Je) = (1.65 4 0.26) x 1073, In the Stan-
dard Model much larger C'P-violating effects are expected. The
first of these, which is associated with B—~B mixing, is the param-
eter sin(23) now measured quite accurately to be 0.678 £ 0.025.
A number of other CP-violating observables are being measured
in B decays; direct evidence for C'P violation in the B decay am-
plitude comes from the asymmetry [F(EO — K—at) - T'(B* —
K*r7)]/[sum] = —0.101 & 0.015. Direct tests of T violation are
much more difficult; a measurement by CPLEAR of the difference
between the oscillation probabilities of K to KO and K9 to KO is
related to T violation [3]. Other searches for CP or T violation
involve effects that are expected to be unobservable in the Standard
Model. The most sensitive are probably the searches for an electric
dipole moment of the neutron, measured to be < 2.9 x 10720 ¢ cm,
and the electron (0.07 # 0.07) x 10726 ¢ cm. A nonzero value re-
quires both P and T violation.

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak theory
are consistent with the absolute conservation of three separate lep-
ton numbers: electron number L., muon number L,, and tau num-
ber L., except for the effect of neutrino mixing associated with
neutrino masses. Searches for violations are of the following types:

a) AL =2 for one type of charged lepton. The best limit
comes from the search for neutrinoless double beta decay (Z, A)
— (Z +2,A)+e”+e". The best laboratory limit is ¢ 5 > 1.9%x10%
yr (CL=90%) for "Ge.

b) Conversion of one charged-lepton type to another. For
purely leptonic processes, the best limits are on p — ey and
u — 3e, measured as I'(u — ey)/I(p —all) < 1.2 x 10711 and
I'(p — 3e)/T(u — all) < 1.0 x 10712, For semileptonic pro-
cesses, the best limit comes from the coherent conversion pro-
cess in a muonic atom, p~+ (Z,A) — e~ + (Z, A), measured as
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D(p~Ti — e Ti)/T(u~Ti — all) < 4.3 x 1072, Of special interest
is the case in which the hadronic flavor also changes, as in K, — eu
and KT — 7te u™, measured as I'(Kp — eu)/I'(Kp — all) <
4.7%x 10712 and (KT — 7Fe p®)/T(KT — all) < 1.3 x 10711,
Limits on the conversion of 7 into e or p are found in 7 decay
and are much less stringent than those for y — e conversion, e.g.,
(1 — py)/T(1 — all) < 6.8 x 1078 and I'(1 — ey)/T(r — all) <
1.1x 107"

c) Conversion of one type of charged lepton into an-
other type of charged antilepton. The case most studied is
u +(Z,A) — et + (Z — 2, A), the strongest limit being I'(1~Ti —
etCa)/T(u~Ti — all) < 3.6 x 10711,

d) Neutrino oscillations. If neutrinos have mass, then it is ex-
pected even in the standard electroweak theory that the lepton num-
bers are not separately conserved, as a consequence of lepton mixing
analogous to Cabibbo quark mixing. However, if the only source of
lepton-number violation is the mixing of low-mass neutrinos then
processes such as p — ey are expected to have extremely small
unobservable probabilities. For small neutrino masses, the lepton-
number violation would be observed first in neutrino oscillations,
which have been the subject of extensive experimental searches.
Strong evidence for neutrino mixing has come from atmospheric and
solar neutrinos. The SNO experiment has detected the total flux
of neutrinos from the sun measured via neutral current interactions
and found it greater than the flux of v.. This confirms previous in-
dications of a deficit of v, and can be explained by oscillations with
A(m?) = (8.040.3) x 1075 V2. Evidence for such oscillations for
reactor 7 has been found by the KAMLAND detector. In addition,
underground detectors observing neutrinos produced by cosmic rays
in the atmosphere have found a factor of 2 deficiency of upward go-
ing v, compared to downward. This provides compelling evidence
for v, disappearance, for which the most probable explanation is
v, — v oscillations with nearly maximal mixing and A(m?) of the
order 0.0019-0.0030 eV?.

CONSERVATION OF HADRONIC FLAVORS

In strong and electromagnetic interactions, hadronic flavor
is conserved, i.e. the conversion of a quark of one flavor
(d,u,s,c,b,t) into a quark of another flavor is forbidden. In the
Standard Model, the weak interactions violate these conservation
laws in a manner described by the Cabibbo-Kobayashi-Maskawa
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mixing (see the section “Cabibbo-Kobayashi-Maskawa Mixing Ma-
trix”). The way in which these conservation laws are violated is
tested as follows:

(a) AS = AQrule. In the strangeness-changing semileptonic decay
of strange particles, the strangeness change equals the change in
charge of the hadrons. Tests come from limits on decay rates such
as T(St — netv)/T(EF — all) < 5 x 1076, and from a detailed
analysis of Kj — mev, which yields the parameter z, measured to
be (Rex, Imz) = (—0.002+0.006, 0.00124+0.0021). Corresponding
rules are AC = AQ and AB = AQ.

(b) Change of flavor by two units. In the Standard Model this
occurs only in second-order weak interactions. The classic example
is AS = 2 via KO — K* mixing, which is directly measured by
m(Kp) — m(Kg) = (0.5292 + 0.0009) x 10'° hs~!. The AB =
2 transitions in the B? and BY systems via mixing are also well
established. The measured mass differences between the eigenstates
are (mB% - mBE) = (0.507+£0.005)x 102 hs~!and (mBi-)H - mBSL)
= (17.77 £ 0.12) x 10'2 hs~™!. There is now strong evidence of
AC = 2 transition in the charm sector with the mass difference
mpy —Mmpy = (2.37f8:g€’) x 1010 Bs—1. All results are consistent
with the second-order calculations in the Standard Model.

(c) Flavor-changing neutral currents. In the Standard Model
the neutral-current interactions do not change flavor. The low rate
MKy — ptp”)/T(K — all) = (6.84 £ 0.11) x 1072 puts limits
on such interactions; the nonzero value for this rate is attributed to
a combination of the weak and electromagnetic interactions. The
best test should come from K+ — 77w, which occurs in the Stan-
dard Model only as a second-order weak process with a branch-
ing fraction of (0.4 to 1.2)x107!% Recent results, including ob-
servation of two events, yields [(KT — 7tvw)/T(KT — all) =
(1.5:1):3) x 10710[4]. Limits for charm-changing or bottom-changing
neutral currents are much less stringent: T'(D? — p*p~) /(DY —
all) < 1.3 x 1076 and I(B® — ptp™)/T(BY — all) < 1.5 x 1075,
One cannot isolate flavor-changing neutral current (FCNC) ef-
fects in non leptonic decays. For example, the FCNC transition
s — d+ (u+ u) is equivalent to the charged-current transition
s — u+ (u+d). Tests for FCNC are therefore limited to hadron
decays into lepton pairs. Such decays are expected only in second-
order in the electroweak coupling in the Standard Model.

See the full Review of Particle Physics for references and Summary Tables.
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9. QUANTUM CHROMODYNAMICS
AND ITS COUPLING

Revised September 2005 by I. Hinchliffe (LBNL).

9.1. The QCD Coupling Constant

Quantum Chromodynamics (QCD), the gauge field theory which
describes the strong interactions of colored quarks and gluons, is one of
the components of the SU(3)xSU(2)xU(1) Standard Model.

The principle of “asymptotic freedom” determines that the renormalized
QCD coupling is small only at high energies, and it is only in this domain
that high-precision tests—similar to those in QED—can be performed
using perturbation theory. This short review will concentrate on QCD at
short distances (large momentum transfers), where perturbation theory is
the standard tool. It will discuss the processes that are used to determine
the coupling constant of QCD.

9.2. The QCD coupling and renormalization scheme

There is one fundamental constant of QCD that must be determined
from experiment. The most sensible choice for this constant is the
value of as at a fixed-reference scale pg. It has become standard to
choose pg = Myz. The value at other values of p can be obtained from

2, 9y _ ras(u) _da
o/ = 1210 7o

Consider a “typical” QCD cross section which, when calculated
perturbatively [7], starts at O(as):

U:A1a5+Aga§+-~~. (9.6)
The coefficients Ay, A come from calculating the appropriate Feynman
diagrams. In performing such calculations, various divergences arise, and
these must be regulated in a consistent way. This requires a particular
renormalization scheme (RS). The most commonly used one is the modified
minimal subtraction (Ms) scheme [9].

The fundamental theorem of RS dependence is straightforward.
Physical quantities, such as the cross section calculated to all orders in
perturbation theory, do not depend on the RS. It follows that a truncated
series does exhibit RS dependence. In practice, QCD cross sections are
known to leading order (LO), or to next-to-leading order (NLO), or in
some cases, to next-to-next-to-leading order (NNLO); and it is only the
latter two cases, which have reduced RS dependence, that are useful for
precision tests. At NLO the RS dependence is completely given by one
condition which can be taken to be the value of the renormalization scale
1. At NNLO this is not sufficient, and g is no longer equivalent to a choice
of scheme; both must now be specified. One, therefore, has to address the
question of what is the “best” choice for p within a given scheme, usually
MS. There is no definite answer to this question—higher-order corrections
do not “fix” the scale, rather they render the theoretical predictions less
sensitive to its variation.
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Figure 9.1: Summary of the value of as(My) from various processes.
The values shown indicate the process and the measured value of ag
extrapolated to p = My. The error shown is the total error including
theoretical uncertainties. The average quoted in this report which
comes from these measurements is also shown. See text for discussion
of errors.
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Figure 9.2: Summary of the values of as(u) at the values of © where
they are measured. The lines show the central values and the £lo
limits of our average. The figure clearly shows the decrease in as(u)
with increasing p. The data are, in increasing order of p, 7 width, 7
decays, deep inelastic scattering, eTe™ event shapes at 22 GeV from
the JADE data, shapes at TRISTAN at 58 GeV, Z width, and ete™
event shapes at 135 and 189 GeV.
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9.13. Conclusions

We have focused on those high-energy processes which currently offer
the most quantitative tests of perturbative QCD. Figure 9.1 shows the
values of as(Myz) deduced from the various experiments. Figure 9.2 shows
the values and the values of @ where they are measured. This figure
clearly shows the experimental evidence for the variation of as(Q) with Q.

An average of the values in Fig. 9.1 gives as(My) = 0.1176, with a
total x2 of 9 for eleven fitted points, showing good consistency among
the data. The error on this average, assuming that all of the errors in
the contributing results are uncorrelated, is £0.0009, and may be an
underestimate. Almost all of the values used in the average are dominated
by systematic, usually theoretical, errors. Only some of these, notably from
the choice of scale, are correlated. The error on the lattice gauge theory
result is the smallest and then there are several results with comparable
small errors: these are the ones from 7 decay, deep inelastic scattering,
T decay and the Z° width. Omitting the lattice-QCD result from the
average changes it to ag(Myz) = 0.1185 or lo. All of the results that
dominate the average are from NNLO. Almost all of the results have errors
that are dominated by theoretical issues, either from unknown higher order
perturbative corrections or estimates of non-perturbative contributions.
It is therefore prudent be conservative and quote our average value as
as(Mz) = 0.1176 + 0.002. Note that the average has moved by less
than 1o from the last version of this review. Future experiments can be
expected to improve the measurements of ag somewhat.

Further discussion and references may be found in the full Review.
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10. ELECTROWEAK MODEL AND
CONSTRAINTS ON NEW PHYSICS

Revised November 2007 by J. Erler (U. Mexico) and P. Langacker
(Institute for Advanced Study).

10.1. Introduction

The standard electroweak model (SM) is based on the gauge
group [1] SU(2) x U(1), with gauge bosons W}, i = 1,2,3, and By
for the SU(2) and U(1) factors, respectively, and the corresponding
gauge coupling constants g and g¢’. The left-handed fermion fields

W = (Z_‘) and <Z}> of the it" fermion family transform as doublets

K
under SU(2), where d; = > ; Vij dj, and V is the Cabibbo-Kobayashi-
Maskawa mixing matrix. (Constraints on V and tests of universality are
discussed in Ref. 2 and in the Section on “The CKM Quark-Mixing
Matrix.” The extension of the formalism to allow an analogous leptonic
mixing matrix is discussed in the Section on “Neutrino Mass, Mixing,
and Flavor Change.”) The right-handed fields are SU(2) singlets. In the
minimal model there are three fermion families and a single complex Higgs

doublet ¢ = (ﬁ;) ‘

After spontaneous symmetry breaking the Lagrangian for the fermion
fields is

_ g vﬁgmiH .
XF—;% <z¢ m; 2MW>¢“
_QQWZ% A (1 =AY (T Wi+ T~ W)
—eY q ¥ v i Ay
9 NTT ARG — ghP)
2 cos Oy ;wl'y (gV 9gavy ) Vi Zu . (10.1)

Oy = tan"1(g'/g) is the weak angle; e = gsin @y is the positron electric
charge; and A = Bcosfyy + W3sinfyy is the (massless) photon field.
WE = W! TiWw?2)/v/2 and Z = —Bsinyy + W3 cos Oy are the massive
charged and neutral weak boson fields, respectively. TF and T~ are the
weak isospin raising and lowering operators. The vector and axial-vector
couplings are

g%/ EtgL (Z) — 2(]1 sin2 0W , (102(1)
g4 =tar(i) , (10.2b)

where t37,(7) is the weak isospin of fermion ¢ (41/2 for u; and v;; —1/2 for
d; and e;) and ¢; is the charge of ¢; in units of e.

The second term in Zf represents the charged-current weak interac-
tion [3,4]. For example, the coupling of a W to an electron and a neutrino
is

e __ _
fm [WM eyt (1 =)+ WJ vy (1 775)6] . (10.3)
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For momenta small compared to My, this term gives rise to the effective
four-fermion interaction with the Fermi constant given (at tree level, i.e.,
lowest order in perturbation theory) by Gp/v2 = g2/ SJWEV. C'P violation
is incorporated in the SM by a single observable phase in V;;. The third
term in Zp describes electromagnetic interactions (QED), and the last is
the weak neutral-current interaction.

In Eq. (10.1), m; is the mass of the ith fermion ;. For the quarks these
are the current masses. For the light quarks, as described in the note on
“Quark Masses” in the Quark Listings, m,, ~ 1.5-3 MeV, mg ~ 3-7 MeV,
and ms = 95 + 25 MeV. These are running MS masses evaluated at the
scale 1 = 2 GeV. (In this Section we denote quantities defined in the
MS scheme by a caret; the exception is the strong coupling constant, as,
which will always correspond to the Ms definition and where the caret will
be dropped.) For the heavier quarks we use QCD sum rule constraints [5]
and recalculate their masses in each call of our fits to account for their
direct a5 dependence. We find, m.(u = me) = 1.274f8:82g GeV and
my(p = my) = 4.196 £+ 0.028 GeV, with a correlation of 28%. The top
quark “pole” mass, my = 170.9 + 1.8 GeV, is an average [6] of published
and preliminary CDF and D@ results from run I and II. We are working,
however, with MS masses in all expressions to minimize theoretical
uncertainties, and therefore convert this result to the top quark Ms mass,

P = i) = mll - 5% +0(a2)],

3w

using the three-loop formula [7]. This introduces an additional uncertainty
which we estimate to 0.6 GeV (the size of the three-loop term). We are
assuming that the kinematic mass extracted from the collider events
corresponds within this uncertainty to the pole mass. Using the BLM
optimized [8] version of the two-loop perturbative QCD formula [9] (as
we did in previous editions of this Review) gives virtually identical results.
Thus, we will use my = 170.9+ 1.8+ 0.6 GeV ~ 170.9 + 1.9 GeV (together
with My = 117 GeV) for the numerical values quoted in Sec. 10.2-Sec.
10.4. In the presence of right-handed neutrinos, Eq. (10.1) gives rise also
to Dirac neutrino masses. The possibility of Majorana masses is discussed
in the Section on “Neutrino Mass, Mixing, and Flavor Change.”

H is the physical neutral Higgs scalar which is the only remaining part
of ¢ after spontaneous symmetry breaking. The Yukawa coupling of H
to 1;, which is flavor diagonal in the minimal model, is gm;/2My,. In
non-minimal models there are additional charged and neutral scalar Higgs
particles [10].

10.2. Renormalization and radiative corrections

The SM has three parameters (not counting the Higgs boson mass, My,
and the fermion masses and mixings). A particularly useful set is:

(a) The fine structure constant o = 1/137.035999679(94), determined
from the e anomalous magnetic moment, the quantum Hall effect,
and other measurements [11]. In most electroweak renormalization
schemes, it is convenient to define a running o dependent on the
energy scale of the process, with a1 ~ 137 appropriate at very low
energy. (The running has also been observed [12] directly.) For scales
above a few hundred MeV this introduces an uncertainty due to
the low-energy hadronic contribution to vacuum polarization. In the
modified minimal subtraction (Ms) scheme [13] (used for this Review),
and with as(My) = 0.120 for the QCD coupling at My, we have
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a(mr)~ = 133.452 £ 0.016 and a(Mz)~! = 127.925 & 0.016. The
latter corresponds to a quark sector contribution (without the top)

to the conventional (on-shell) QED coupling, a(My) = = Ba(My)’
- Z

of Aal?) (M) ~ 0.02786 + 0.00012. These values are updated

from Ref. 14 with Aal(l?d(]\/[ z) slightly moved upwards and its
uncertainty decreased by 40% (mostly due to a more precise
a(me)). Its correlation with &(My), as well as the non-linear o
dependence of a(My) and the resulting correlation with the input
variable ag, are fully taken into account in the fits. This is done
by using as actual input (fit constraint) instead of Aaﬁi)d(]\/[ 7)
the analogous low-energy contribution by the three light quarks,
Aa®) (1.8 GeV) = 56.91 + 0.96 x 1074, and by calculating the
perturbative and heavy quark contributions to a(My) in each call
of the fits according to Ref. 14. The uncertainty is from eTe™
annihilation data below 1.8 GeV and 7 decay data, from isospin
breaking effects (affecting the interpretation of the 7 data); from
uncalculated higher order perturbative and non-perturbative QCD
corrections; and from the MS quark masses. Such a short distance
mass definition (unlike the pole mass) is free from non-perturbative
and renormalon uncertainties. Various recent evaluations of Aoefa)d
are summarized in Table 10.1 in the full Review.

(b) The Fermi constant, Gp = 1.166367(5) x 107> GeV~2, determined
from the muon lifetime formula [45,46],

2,0 2
ot 2 G (e ) (3 My
K 19273 m? 5 M2,

2 2
x {1 + (ﬁ - 1) alm) | @ (TQ“)} : (10.4a)
8 2 T T
where
F(z)=1-8z+8z% —2* —124°Inx (10.4b)
156815 518 5 895 67 4 53 o ,
Cy = 5184 T 36 ¢(3)+ T + 57 In(2), (10.4c)
and 5 )
-1_ -1_ = o RS
almy) ™ =a7h - m(mc) oo~ 136 (10.4d)

The (’)(a2) corrections to p decay have been completed in Ref. 46.
The remaining uncertainty in G g is from the experimental uncertainty
which has recently been halved by the MuLan [47] and FAST [48]
collaborations.

(¢) The Z boson mass, Mz = 91.1876 4 0.0021 GeV, determined from the
Z lineshape scan at LEP 1 [49].

With these inputs, sin? 0w and the W boson mass, My, can be
calculated when values for m; and My are given; conversely (as is done at
present), My can be constrained by sin2 Oy and Myy. The value of sin? Oy
is extracted from Z pole observables and neutral-current processes [49-52],
and depends on the renormalization prescription. There are a number of
popular schemes [53-60] leading to values which differ by small factors
depending on my and My, including the MS definition §2Z and the on-shell
definition s3, = 1 — M3, /M2.
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Experiments are at a level of precision that complete O(a) radiative
corrections must be applied. These are discussed in the full edition of this
Review. A variety of related cross-section and asymmetry formulae are
also discussed there.

10.4. Precision flavor physics

In addition to cross-sections, asymmetries, parity violation, W and
Z decays, there are a large number of experiments and observables testing
the flavor structure of the SM. These are addressed elsewhere in this
Review, and generally not included in this Section. However, we identify
three precision observables with sensitivity to similar types of new physics
as the other processes discussed here. The branching fraction of the flavor
changing transition b — sv is of comparatively low precision, but since
it is a loop-level process (in the SM) its sensitivity to new physics (and
SM parameters, such as heavy quark masses) is enhanced. The 7-lepton
lifetime and leptonic branching ratios are primarily sensitive to as and
not affected significantly by many types of new physics. However, having
an independent and reliable low-energy measurement of «s in a global
analysis allows the comparison with the Z lineshape determination of ay
which shifts easily in the presence of new physics contributions. By far
the most precise observable discussed here is the anomalous magnetic
moment of the muon (the electron magnetic moment is measured to
even greater precision, but its new physics sensitivity is suppressed by
terms proportional to m2 /1\/[%). Its combined experimental and theoretical
uncertainty is comparable to typical new physics contributions.

10.5. Experimental results

The values of the principal Z pole observables are listed in Table 10.4,
along with the SM predictions for My = 91.1874 £+ 0.0021 GeV,
My =778 GeV, my = 171.1£ 1.9 GeV, as(Myz) = 0.1217+0.0017, and

a(Myz)~ = 127.90940.019 (Aaf®) ~ 0.02799+0.00014). The predictions
result from a global least-square (Xz) fit to all data using the minimization
package MINUIT [190] and the electroweak library GAPP [81]. In most
cases, we treat all input errors (the uncertainties of the values) as Gaussian.
The reason is not that we assume that theoretical and systematic errors
are intrinsically bell-shaped (which they are not) but because in most cases
the input errors are combinations of many different (including statistical)
error sources, which should yield approximately Gaussian combined errors
by the large number theorem. Thus, it suffices if either the statistical
components dominate or there are many components of similar size. An
exception is the theory dominated error on the 7 lifetime, which we
recalculate in each y2-function call since it depends itself on as yielding
an asymmetric (and thus non-Gaussian) error bar. Sizes and shapes of
the output errors (the uncertainties of the predictions and the SM fit
parameters) are fully determined by the fit, and 1o errors are defined to
correspond to Ax2 = % — anin = 1, and do not necessarily correspond
to the 68.3% probability range or the 39.3% probability contour (for 2
parameters).

Table 10.5: Principal Z pole and other observables, compared with
the SM best fit predictions (see text). Uncertainties and correlations are
discussed in the full edition of this Review.
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Quantity Value Standard Model Pull Dev.
my [GeV] 170.9+ 1.8 £0.6 1711419 0.1 -08
Myy [GeV] 80.428 + 0.039 80.375+0.015 14 1.7
80.376 + 0.033 0.0 05
My [GeV] 91.1876 + 0.0021 91.187440.0021 0.1  -0.1
Iz [GeV] 2.4952 + 0.0023 2.4968+0.0010  -0.7  -0.5
D(had) [GeV]  1.7444 4 0.0020 1.7434 + 0.0010 - -
D(inv) [MeV] 499.0 + 1.5 501.59 % 0.08 - -
T(¢He7) [MeV]  83.984 4 0.086 83.988 + 0.016
Ohad [1b] 41.541 4 0.037 41.466 + 0.009 20 20
R, 20.804 =+ 0.050 20.758 £ 0.011 0.9 1.0
Ry, 20.785 + 0.033 20.758 4 0.011 0.8 09
R: 20.764 + 0.045 20.803 £ 0.011 09 -08
Ry 0.21629 4+ 0.00066  0.2158440.00006 0.7 0.7
R 0.1721 4 0.0030 0.17228 4 0.00004  -0.1  -0.1
ALo 0.0145 £ 0.0025 0.01627+0.00023  -0.7  -0.6
FO’”) 0.0169 + 0.0013 05 0.7
ﬁ” 0.0188 4 0.0017 1.5 1.6
fO b 0.0992 + 0.0016 0.1033+0.0007  -2.5  -2.0
{0 9 0.0707 + 0.0035 0.0738+£0.0006  -0.9 -0.7
F“ ) 0.0976 + 0.0114 0.1034+0.0007  -0.5 -0.4
’2(A<0"I)) 0.2324+£0.0012  0.2314940.00013 0.8 0.6
0.2238 4 0.0050 -1.5 -1.6
Ae 0.15138 4 0.00216 0.1473 4 0.0011 1.9 24
0.1544 4 0.0060 12 14
0.1498 + 0.0049 0.5 0.7
Ay 0.142 £ 0.015 04 -03
Ar 0.136 +0.015 0.8 0.7
0.1439 + 0.0043 0.8 05
Ay 0.923 £+ 0.020 0.93484+0.0001  -0.6 -0.6
Ac 0.670 + 0.027 0.6679 & 0.0005 01 0.1
As 0.895 + 0.091 0.9357+0.0001  -0.4 -0.4
92 0.3010 + 0.0015 0.30386+0.00018  -1.9  -1.8
9% 0.0308 + 0.0011 0.03001 +0.00003 0.7 0.7
gve —0.040 +0.015 —0.0397+0.0003 0.0 0.0
9% —0.507+0.014 —0.5064+0.0001 0.0 0.0
Apy (-1.3140.17)-1077 (~1.54+0.02)-10~7 1.3 1.2
Quw (Cs) —72.62+ 0.46 —~73.16 4 0.03 1.2 1.2
Qu (T1) ~116.4+ 3.6 —~116.76 4 0.04 01 0.1
s (355503) 107 (3194£0.08)-107° 08 07
gu—2—-9) 4511.07(74)-107%  4509.08(10)-107° 2.7 2.7
77 [fs] 290.93 + 0.48 291.80 + 1.76 04 0.4
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The values and predictions of my [6], My [142,189]; deep
inelastic [89], vy-e [104-106], and polarized Mgller scattering [145];
the Qu for cesium [114,115] and thallium [116]; the b — sy
observable [157-159]; the muon anomalous magnetic moment [168];
and the 7 lifetime are also listed in Table 10.4. The values of My
and my differ from those in the Particle Listings because they include
recent preliminary results. The agreement is generally very good.
Despite the discrepancies discussed in the following, the goodness of
the fit to all data is very reasonable with a x2/d.o.f. = 49.4/42. The
probability of a larger x2 is 20%. Only the final result for I — 2
from BNL and Ag’g) from LEP 1 are currently showing large (2.7 o
and 2.5 o) deviations. In addition, g% from NuTeV, the hadronic
peak cross-section, op,q (LEP 1), and the A% r (SLD) from hadronic
final states differ by about 2 standard deviations. Ry, = I'(bb)/I'(had)
whose measured value deviated in the past by as much as 3.7 ¢ from
the SM prediction, is now in agreement.

Ap can be extracted from A;Qg) when A = 0.1501+0.0016 is taken
from a fit to leptonic asymmetries (using lepton universality). The
result, Ay = 0.881+£0.017, is 3.1 o below the SM predictionﬂL and also
1.6 o below Ap = 0.923 £ 0.020 obtained from Afg(b) at SLD. Thus,

it appears that at least some of the problem in Aggg)

Note, however, that the uncertainty in A%’) is strongly statistics
dominated. The combined value, A, = 0.899 £+ 0.013 deviates by 2.8 o.
It would be extremely difficult to account for this 3.9% deviation by
new physics radiative corrections since about a 20% correction to &y
would be necessary to account for the central value of Ap. If this
deviation is due to new physics, it is most likely of tree-level type
affecting preferentially the third generation. Examples include the
decay of a scalar neutrino resonance [191], mixing of the b quark
with heavy exotics [192], and a heavy Z’ with family-nonuniversal
couplings [193]. It is difficult, however, to simultaneously account
for Ry, which has been measured on the Z peak and off-peak [194]
at LEP 1. An average of R; measurements at LEP 2 at energies
between 133 and 207 GeV is 2.1 o below the SM prediction, while
AP (LEP 2) is 1.6 o low [142].

The left-right asymmetry, A%R = 0.15138 £+ 0.00216 [135],
based on all hadronic data from 1992-1998 differs 1.9 o from
the SM expectation of 0.1473 4 0.0011. The combined value of
Ap =0.1513 £ 0.0021 from SLD (using lepton-family universality and
including correlations) is also 1.9 o above the SM prediction; but there
is now experimental agreement between this SLD value and the LEP 1
value, Ay = 0.1481 4 0.0027, obtained from a fit to AE?}?, Ae(Pr), and
A-(P7), again assuming universality.

is experimental.

The observables in Table 10.4, as well as some other less precise
observables, are used in the global fits described below. In all fits, the
errors include full statistical, systematic, and theoretical uncertainties.

T Alternatively, one can use Ay = 0.1481 £ 0.0027, which is from
LEP 1 alone and in excellent agreement with the SM, and obtain A =
0.893 £ 0.022 which is 1.9 o low. This illustrates that some of the
discrepancy is related to the one in Ay g.
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The correlations on the LEP 1 lineshape and 7 polarization, the
LEP/SLD heavy flavor observables, the SLD lepton asymmetries, and
the deep inelastic and v-e scattering observables, are included. The

theoretical correlations between Aafi)d and g, — 2, and between the
charm and bottom quark masses, are also accounted for.

The data allow a simultaneous determination of My, My, my, and
the strong coupling as(My). (M, My, and Aaii)d are also allowed to
float in the fits, subject to the theoretical constraints [5,14] described
in Sec. 10.1-Sec. 10.2. These are correlated with as.) as is determined
mainly from Ry, I'y, opaq, and 7 and is only weakly correlated with
the other variables. The global fit to all data, including the CDF /D@
average my = 170.9 + 1.9 GeV, yields the result in Table 10.6 (the Ms
top quark mass given there corresponds to m; = 171.1 + 1.9 GeV).
The weak mixing angle is determined to

57 =0.23119 £ 0.00014 , s%‘/ = 0.22308 £ 0.00030 ,

where the larger error in the on-shell scheme is due to the stronger
sensitivity to m¢, while the corresponding effective angle is related by
Eq. (10.33), i.c., 53 = 0.23149 £ 0.00013.

As described at the beginning of Sec. 10.2 and the paragraph
following Eq. 10.48 in Sec. 10.5, there is considerable stress in the
experimental ete™ spectral functions and also conflict when these
are compared with 7 decay spectral functions. These are below or
above the 20 level (depending on what is actually compared) but not
much larger than the deviations of some other quantities entering
our analyzes. The number and size or these deviations are not
inconsistent with what one would expect to happen as a result of
random fluctuations. It is nevertheless instructive to study the effect

of doubling the uncertainty in Aaﬁ?d(l.éi GeV) = 56.9140.96 x 1074,
(see the beginning of Sec. 10.2) on the extracted Higgs mass. The
result, My = 75f§g GeV, demonstrates that the uncertainty in
Aay,q is currently of only secondary importance. Note also, that the

uncertainty of about £0.0001 in Aaﬁ)d(l.S GeV) corresponds to a
shift of 5 GeV in My or about one fifth of its total uncertainty.
The hadronic contribution to a(My) is correlated with g, — 2 (see
Sec. 10.4). The measurement of the latter is higher than the SM
prediction, and its inclusion in the fit favors a larger a(Mz) and a
lower My (currently by about 3 GeV).

The weak mixing angle can be determined from Z pole observables,
My, and from a variety of neutral-current processes spanning
a very wide Q2 range. The results (for the older low-energy
neutral-current data see [50,51]) shown in Table 10.7 of the full
Review are in reasonable agreement with each other, indicating
the quantitative success of the SM. The largest discrepancy is
the value SQZ = 0.23193 £ 0.00028 from the forward-backward
asymmetries into bottom and charm quarks, which is 2.6 o above
the value 0.23119 + 0.00014 from the global fit to all data. Similarly,
§QZ = 0.23067 £ 0.00030 from the SLD asymmetries (in both cases
when combined with M) and 5% = 0.234540.0017 from DIS are 1.7 &
low and 1.9 o high, respectively. The SLD result has the additional
difficulty (within the SM) of implying very low and excluded [143]
Higgs masses. This is also true for §2Z = 0.23095 £ 0.00028 from
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My, and Mz and as a consequence for the global fit. We
have therefore included in Table 10.4 an additional column (denoted
Deviation) indicating the deviations if My = 117 GeV is fixed. The
minimum ¥?/d.o.f. = 51.2/41 (with a probability of 13% for a larger
XQ) is thus worse than for our principal fit.

The extracted Z pole value of as(Myz) is based on a formula
with negligible theoretical uncertainty (£0.0005 in as(Myz)) if one
assumes the exact validity of the SM. One should keep in mind,
however, that this value, ag = 0.1198 4 0.0028, is very sensitive to
such types of new physics as non-universal vertex corrections. In
contrast, the value derived from 7 decays, as(Myz) = 0.1225f8:88§g, is
theory dominated but less sensitive to new physics. The two values
are in remarkable agreement with each other. They are also in perfect
agreement with other recent values, such as from jet-event shapes at
LEP [195] (0.1202 =+ 0.0050) and the recent average from HERA [196]
(0.1198 £ 0.0032), but the 7 decay result is somewhat higher than
the value, 0.1170 + 0.0012, from the most recent unquenched lattice
calculation of Ref. 197. For more details and other determinations,
see our Section 9 on “Quantum Chromodynamics” in this Review.

The data indicate a preference for a small Higgs mass. There is
a strong correlation between the quadratic m; and logarithmic Mg
terms in p in all of the indirect data except for the Z — bb vertex.
Therefore, observables (other than Rj) which favor m; values higher
than the Tevatron range favor lower values of M. This effect is
enhanced by Ry, which has little direct My dependence but favors
the lower end of the Tevatron m; range. My, has additional My
dependence through A7y, which is not coupled to m% effects. The
strongest individual pulls toward smaller My are from My, and AOL R

while A;?g) and the NuTeV results favor high values. The difference
in x2 for the global fit is Ax? = x2(My = 1000 GeV) — XIQnin = 96.
Hence, the data overwhelmingly favor a small value of My, as
in supersymmetric extensions of the SM. The central value of the
global fit result, My = 77f§§ GeV, is below the direct lower bound,
My > 114.4 GeV (95% CL) [143].

The 90% central confidence range from all precision data is

42 GeV < My < 124 GeV . (10.41)

Including the results of the direct searches [143] as an extra
contribution to the likelihood function drives the 95% upper limit
to My < 161 GeV. As two further refinements, we account for (i)
theoretical uncertainties from uncalculated higher order contributions
by allowing the T parameter (see next subsection) subject to the
constraint 7 = 0 £ 0.02, (ii) the My dependence of the correlation
matrix which gives slightly more weight to lower Higgs masses [198].
The resulting limits at 95 (90, 99)% CL are, respectively,

My < 167 (155, 195) GeV . (10.42)

Most of the parameters relevant to v-hadron, v-e, e-hadron, and
ete™ processes are determined uniquely and precisely from the data
in “model-independent” fits (i.e., fits which allow for an arbitrary
electroweak gauge theory). The values for the parameters defined in
Egs. (10.11)-(10.13) are given in Table 10.8 along with the predictions
of the SM. The agreement is reasonable, except for the value of g%,
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which reflect the discrepancy in the NuTeV results. (The v-hadron
results without the NuTeV data can be found in the 1998 edition of
this Review, and the fits using the original NuTeV data uncorrected
for the strange quark asymmetry in the 2006 edition.). The off Z pole
ete™ results are difficult to present in a model-independent way
because Z propagator effects are non-negligible at TRISTAN, PETRA,
PEP, and LEP 2 energies. However, assuming e-u-7 universality, the
low-energy lepton asymmetries imply [133] 4(gj’1‘)2 = 0.99 £ 0.05, in
good agreement with the SM prediction ~ 1.

10.6. Constraints on new physics

A number of authors [204-209] have considered the general effects
on neutral-current and Z and W boson observables of various types
of heavy (i.e., Mnew > M) physics which contribute to the W and
Z self-energies but which do not have any direct coupling to the
ordinary fermions. In addition to non-degenerate multiplets, which
break the vector part of weak SU(2), these include heavy degenerate
multiplets of chiral fermions which break the axial generators. The
effects of one degenerate chiral doublet are small, but in Technicolor
theories there may be many chiral doublets and therefore significant
effects [204].
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Figure 10.4: 1 o constraints (39.35 %) on S and T from various
inputs combined with M. S and T represent the contributions
of new physics only. (Uncertainties from m; are included in the
errors.) The contours assume My = 117 GeV except for the
central and upper 90% CL contours allowed by all data, which
are for My = 340 GeV and 1000 GeV, respectively. Data sets
not involving My, are insensitive to U. Due to higher order
effects, however, U = 0 has to be assumed in all fits. ay is
constrained using the 7 lifetime as additional input in all fits.

Further discussion and all references may be found in the full
Review of Particle Physics; the equation and reference numbering
corresponds to that version.
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11. THE CKM QUARK-MIXING MATRIX

Revised February 2008 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and
Y. Sakai (KEK).

11.1. Introduction

The masses and mixings of quarks have a common origin in the Standard
Model (SM). They arise from the Yukawa interactions of the quarks with
the Higgs condensate. When the Higgs field acquires a vacuum expectation
value, quark mass terms are generated. The physical states are obtained
by diagonalizing the up and down quark mass matrices by four unitary
matrices, V}j g As a result, the charged current W= interactions couple
to the physical up and down-type quarks with couplings given by

dt Vud Vus Vub
Vorm = VEVE = [ Vi Vs Vi |- (11.2)
Via Vis Vi

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 x 3
unitary matrix. It can be parameterized by three mixing angles and a
C'P-violating phase,

—id
C12€13 s S12€13 Rt
_ _ _ 7 _ !
V= S12€23 7 C12923%13¢ © C12Ca3 7 512523%13¢  Sa3Ciz | (11.3)
(1 2
512923 7C12C23513¢  TC125237512C03513¢  Ca3Cig

where s;; = sin6;;, ¢;; = cos6;;, and J is the KM phase [2] responsible for
all C'P-violating phenomena in flavor changing processes in the SM. The
angles 0;; can be chosen to lie in the first quadrant.

It is known experimentally that s13 < so3 < s12 < 1, and it is
convenient to exhibit this hierarchy using the Wolfenstein parameterization.
We define [3-5]

Vi V,
512:)\:7‘ us| , 823:A)\2:)\70b,
V |Vud|2 + ‘VuS‘Q Vus
W6 _é _ 423 o AN (p+iam)vV1 — A2XM
513" =V = AN’ (p+1in) = > CIVTE— (11.4)
V1—=A2[1— A2\ (p +in)]
These ensure that p+ i = —(VyqVyy)/(VeaVy;) is phase-convention

independent and the CKM matrix written in terms of A, A, p and 7 is
unitary to all orders in . To O(\*),

1—-\%/2 A AN (p —in)
V= -\ 1-22/2 AN2 +0(\Y. L)
AN —p—in) —AX? 1
Unitarity implies »_; V;; Vi3 = dj; and Zj Viij*j = ;5. The six

vanishing combinations can be represented as triangles in a complex plane.
The most commonly used unitarity triangle arises from

Vud Vi + Vea Ve + Vea Vip = 0, (11.6)
by dividing each side by V.4V; (see Fig. 1). The vertices are exactly (0,0),
(1,0) and, due to the definition in Eq. (11.4), (p,7). An important goal of

flavor physics is to overconstrain the CKM elements, many of which can
be displayed and compared in the p, 7 plane.
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Figure 11.1: Sketch of the unitarity triangle.

11.2. Magnitudes of CKM elements

11.2.1. |Vl :

The most precise determination of |V,4| comes from the study of
superallowed 0t — 07 nuclear beta decays, which are pure vector
transitions. Taking the average of the nine most precise determinations [7]
yields [8]

|Vl = 0.97418 + 0.00027. (11.7)

11.2.2. |Vigl :

The magnitude of V,,s has been extracted traditionally from semileptonic
kaon decays. Significant recent experimental progress has made it
meaningful to combine the data on K% — Tev, Kg — muv, K+ — rVe*y,
K* — 70u*y and Kg — mev. An early value of f4(0) = 0.961+0.008 [11]

is still broadly accepted [8], and yields
[Vus| = 0.2255 £ 0.0019. (11.8)

Lattice gauge theory calculations [12] provide results for f4(0) in
agreement with [11] while other calculations [14] differ by as much as
2%. Other determinations of |Vys| involve leptonic kaon decays, hyperon
decays, and T decays.

11.2.3. |Vl :

The most precise determination of |V,4| is based on neutrino and
antineutrino interactions. The difference of the ratio of double-muon
to single-muon production by neutrino and antineutrino beams is
proportional to the charm cross section off valence d-quarks. Combining
the results [24-27], we obtain

[Veg| = 0.230 +0.011. (11.9)

11.2.4. |Vi|:

The determination of |V;s| is possible from semileptonic D or leptonic
Ds decays. Using the recent Df — ptv [36,37) and DF — 77v [38]
data gives |Vis| = 1.07 £ 0.08 with fp, = (249 + 3 &+ 16) MeV (another
lattice QCD calculation gives a larger |Ve,| value with smaller error) [39].
The recent D — K{v measurements [22,23,40] combined with the lattice
QCD calculation of the form factor [21] gives |Ves| = 0.99 £ 0.01 £ 0.10.
Averaging these two determinations, we obtain

[Ves| = 1.04 £ 0.06. (11.10)
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11.2.5. |V :

The determination of |Vg| from inclusive semileptonic B decays use
the semileptonic rate measurement together with the leptonic energy
and the hadronic invariant-mass spectra. Determinations from exclusive
B — D¢y decays are based on the fact that in the my, . > Agcp limit
all form factors are given by a single Isgur-Wise function [46], which
is normalized at zero recoil. The V,; and V,; minireview [45] quotes the
combination with a scaled error as

[Vl = (41.2 +£1.1) x 1073, (11.11)

11.2.6. |V :

The determination of |Vy| from inclusive B — X,,¢i decay suffers from
large B — X ¢ backgrounds. In most regions of phase space where the
charm background is kinematically forbidden the rate is determined by
nonperturbative shape functions. At leading order in Aqcp/my there is
only one such function, which is related to the photon energy spectrum
in B — Xgv [47,48]. The large and pure BB samples at the B factories
permit the selection of B — X, /v decays in events where the other B is
fully reconstructed [53]. With this full-reconstruction tag method, one
can measure the four-momenta of both the leptonic and hadronic systems,
and access wider kinematic regions with improved signal purity.

To extract |Vyp| from exclusive channels, the form factors have to be
known. Unquenched lattice QCD calculations of the B — 7wfv form factor
for ¢> > 16 GeV? are available [54,55]. The theoretical uncertainties in
the inclusive and exclusive determinations are different. The V., and V,
minireview [45] quotes the combination

[Vis| = (3.9340.36) x 1073, (11.12)

11.2.7. |Vy| and |Vis| :

These CKM elements cannot be measured from tree-level top quark
decays, so one has to use B-B oscillations or loop-mediated rare K and B
decays. The mass difference of the two neutral B meson mass eigenstates
is well measured, Amg = (0.507 4 0.005)ps~! [57]. For the B? system,
CDF measured Amg = (17.77 4 0.10 £ 0.07) ps— ! [58] with more than 50
significance. Using unquenched lattice QCD calculations [60] and assuming
[Vip| = 1, we find

[Vigl = (8.1£0.6) x 1073, [Vis| = (38.7£2.3) x 1073, (11.13)
Several uncertainties are reduced in the lattice QCD calculation of the
ratio Amg/Amg, which gives a new and significantly improved constraint,

[Via/Vis| = 0.209 £ 0.001 £ 0.006. (11.14)

11.2.8. |Vy| :

The determination of |V}p| from top decays uses the ratio of branching
fractions B(t — Wb)/B(t — Waq) = |[Vip|?/ (3, [Vigl*) = [Vip|?, where
g =0b,s,d [66,67]. The direct determination of |V};| without assuming
unitarity has become possible from the single top quark production
cross section. The average of the DO [68] and CDF [69] measurements,
(3.7 £ 0.8) pb, yield the 95% CL lower limit

[Vip| > 0.74. (11.15)
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11.3. Phases of CKM elements

The angles of the unitarity triangle are

VeadVy, ViaVi,
AT N a7 )
VidVi VudVagy

VudVJb>
= =arg | ————=- | - 11.1
=y = ang (A (11.16)
Since C'P violation involves phases of CKM elements, many measurements
of CP-violating observables can be used to constrain these angles and the
p, 17 parameters.

11.3.1. eand¢€ :

The measurement of C'P violation in K0-K° mixing, |¢| = (2.233 +
0.015) x 1073 [71], provides constraints in the p,7 plane bounded by
hyperbolas approximately. The dominant uncertainties are due to the bag
parameter and the parametric uncertainty proportional to O'(A4) [i.e.,
a(|Veo|")]-

The measurement of € provides a qualitative test of the CKM
mechanism because its nonzero experimental average, Re(e'/e) =
(1.67 £ 0.23) x 1073 [71], demonstrated the existence of direct C'P
violation, a prediction of the KM ansatz. While Re(¢'/€) oc Im(V;q V%),
this quantity cannot easily be used to extract CKM parameters, because
of large hadronic uncertainties.

11.3.2. B/ ¢1:
The time-dependent C'P asymmetry of neutral B decays to a final state

f common to BY and BY is given by [80,81]

_IB) - N -TBM —f) _ ‘
;= NB) = )T T8 — 1) Sy sin(Amt) — Cy cos(Amt),
(11.18)

where Sy = 2ImA;/(1 + [Af[3), Cp = (1 — |Af2)/(1 + |Af[?), and
Af = (q/p)(ﬁf/Af). Here ¢/p describes BO~B° mixing and, to a good
approximation in the SM, q/p = V;jVia/VV}}; = e~ 28+00%) 1 the usual
phase convention. A (Ay) is the amplitude of BY — f (B® — f) decay.
If f is a CP eigenstate and amplitudes with one CKM phase dominate,
then [Af| = [Af|, C; = 0 and Sy = sin(arg \y) = 7y sin2¢, where 7y is
the C'P eigenvalue of f and 2¢ is the phase difference between the B9 — f
and B® — BY — f decay paths.

The b — cés decays to CP eigenstates (BO — charmonium Kg L)
are the theoretically cleanest examples, measuring Sy = —7;sin28. The
world average is [61]

sin 2 = 0.681 £ 0.025. (11.20)

This measurement of 3 has a four-fold ambiguity. Of these, § — 7/2 — 3
(but not 8 — 7 + ) has been resolved by a time-dependent angular
analysis of B — J/yK*0 [84,85] and a time-dependent Dalitz plot
analysis of B — DOAO (r0 = 70, n, w) [86,87].

The b — sqq penguin dominated decays have the same CKM phase
as the b — cés tree dominated decays, up to corrections suppressed
by A2. Therefore, decays such as B® — ¢K° and 7/ K9 provide sin 24
measurements in the SM. If new physics contributes to the b — s
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loop diagrams and has a different weak phase, it would give rise to
Sy # —nysin2f3 and possibly Cy # 0. The results and their uncertainties
are summarized in Fig. 12.3 and Table 12.1 of Ref. [81].

11.3.3. o/ ¢2:

Since « is the phase between VjViq and V},V,,4, only time-dependent
CP asymmetries in b — uud dominated modes can directly measure it.
In such decays the penguin contribution can be sizable. Then S 4+ —
no longer measures sin2a, but a can still be extracted using the
isospin relations among the BY — ntr, BY — 7r07r07 and Bt — 7x0
amplitudes and their CP conjugates [88]. Because the isospin analysis
gives 16 mirror solutions, and the sizable experimental error of BO — 7070,
only a loose constraint is obtained at present.

The B — ptp~ decay can in general have a mixture of C'P-even and
CP-odd components. However, the longitudinal polarization fractions in
Bt — ptp0 and B® — ptp~ are measured to be close to unity [90], which
implies that the final states are almost purely CP-even. Furthermore,
B(B° — p9p%) = (0.86+0.28) x 10~ implies that the effect of the penguin
diagrams is small. The isospin analysis gives a = (87f%g)° (89] with a
mirror solution at 37/2 — a.

The final state in B® — pTm~ decay is not a CP eigenstate, but
mixing induced C'P violations can still occur in the four decay amplitudes,
B% BY — piﬂ]F. Because of the more complicated isospin relations, the
time-dependent Dalitz plot analysis of BY — 77770 is more promising
for the model independent extraction of a [95]. The Belle [96] and
BABAR [97] measurements yield o = (IQOf%l)O [89].

Combining these three decay modes [89], « is constrained as

o= (8879)°. (11.23)

11.34. ~v/ ¢3:

The angle v does not depend on CKM elements involving the top
quark, so it can be measured in tree level B decays. This is an important
distinction from « and 3, implying that the measurements of v are unlikely
to be affected by physics beyond the SM.

The interference of B~ — DYK~ (b — ciis) and B~ — DOK~
(b — wués) transitions can be studied in final states accessible in both
DY and DY decays [80]. It is possible to extract from the data the B
and D decay amplitudes, the relative strong phases, and . Analyses in
two-body D decays using the GLW [99,100] and ADS methods [101] have
been made by the B factories [102], as well as in a Dalitz plot analysis
of DO, DY — Kgrtn~ [105,106). Combining these analyses [89], = is
constrained as

v = (1T, (11.25)

11.4. Global fit in the Standard Model

Using the independently measured CKM elements mentioned in
the previous sections, the unitarity of the CKM matrix can be
checked. We obtain [Vyg|2 + |Vaus|? + [Vip|? = 0.9999 +0.0011 (1st row),
[Veal? 4+ Ves? + [V = 1.186 2 0.125 (2nd row), [Vygl + [Veal? + Vial? =
1.002 + 0.005 (Ist column), and [Vys|? + [Ves|? + [Vis|? = 1.134 + 0.125
(2nd column), respectively. For the second row, a more stringent check
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Figure 11.2: 95% CL constraints on the p, 77 plane.

is obtained subtracting the sum of the first row from the measurement
of > cdsb |Vij\2 from the W leptonic branching ratio [33], yielding
[Veal? + |Ves|? + |Vip|? = 1.002 £ 0.027. The sum of the three angles,
a+p+v= (186fg%)°, is also consistent with the SM expectation.

The CKM matrix elements can be most precisely determined by a
global fit that uses all available measurements and imposes the SM
constraints. There are several approaches to combining the experimental
data [5,89,98,115], which provide similar results. The results for the
Wolfenstein parameters are

A = 0.225710.0009 A =0.81410021

0.0010° —-0.022>
p=0.135"503L, 7= 0.34970015. (11.26)

The allowed ranges of the magnitudes of all nine CKM elements are

0.97419+0.00022 0.2257 +0.0010  0.00359 + 0.00016
0.2256 &+ 0.0010  0.97334 4+ 0.00023  0.041510-0010

0.0011 )
0.008747 000029

0.0407 £ 0.0010  0.99913370-900044
27)
and the Jarlskog invariant is J = (3.051—8:%9) % 10-5.

Vokm =

0.000043
(11.

0 Fig. 11.2 illustrates
the constraints on the p, 7 plane from various measurements and the global
fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.
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11.5. Implications beyond the SM

If the constraints of the SM are lifted, K, B and D decays and
mixings are described by many more parameters than in the SM. For
example, Amg, T'(B — py), and T'(B — Xg4¢T¢7) are all proportional to
\thVt”;P in the SM, however, they may receive unrelated contributions
from new physics. The angle 85 = arg(—VisV}}/VesVyy,), which is measured
by time-dependent CP violation in B — .J/4¢, also provides strong
tests of the SM. The first flavor-tagged time-dependent C'P asymmetry
measurements of Bg — J/¢¢ decay appeared recently [119]. In the kaon
sector, both C'P-violating observables € and ¢’ are tiny, so models in which
all sources of C'P violation are small were viable. The measurement of
sin 23 implies that C'P violation can be an O(1) effect, and it is only
flavor mixing that is suppressed between the three quark generations.
Model independent statements for the constraints on new physics are
hard to make, since, for example, the flavor sector of the MSSM contains
69 CP-conserving parameters and 41 C P-violating phases (i.e., 40 new
ones) [120]. In a large class of models the unitarity of the CKM matrix is
maintained, and the dominant new physics effect is a contribution to the
B%-BY mixing amplitude [121].  Such new physics with a generic weak
phase may still contribute to B9~BY mixing at order 20% of the SM.

The CKM elements are fundamental parameters, so they should be
measured as precisely as possible. The overconstraining measurements
of C'P asymmetries, mixing, semileptonic, and rare decays have started
to severely constrain the magnitudes and phases of possible new physics
contributions to flavor changing interactions. When new particles are
observed at the LHC, it will be important to know the flavor parameters
to understand the underlying physics.

Further discussion and all references may be found in the full Review
of Particle Physics. The numbering of references and equations used here
corresponds to that version.
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12. CP VIOLATION IN MESON DECAYS

Revised September 2007 by D. Kirkby (UC Irvine) and Y. Nir (Weizmann
Institute).

The CP transformation combines charge conjugation C' with parity
P. Under C, particles and antiparticles are interchanged, by conjugating
all internal quantum numbers, e.g., Q — —@ for electromagnetic charge.
Under P, the handedness of space is reversed, ¥ — —Z. Thus, for example,
a left-handed electron e} is transformed under CP into a right-handed
positron, e}

We observe that most phenomena are C- and P-symmetric, and
therefore, also C'P-symmetric. In particular, these symmetries are
respected by the gravitational, electromagnetic, and strong interactions.
The weak interactions, on the other hand, violate C' and P in the strongest
possible way. For example, the charged W bosons couple to left-handed
electrons, e, and to their C'P-conjugate right-handed positrons, CE,
but to neither their C-conjugate left-handed positrons, ez, nor their
P-conjugate right-handed electrons, e. While weak interactions violate C'
and P separately, C'P is still preserved in most weak interaction processes.
The CP symmetry is, however, violated in certain rare processes, as
discovered in neutral K decays in 1964 [1], and observed in recent years
in B decays.

The present measurements of C'P asymmetries provide some of
the strongest constraints on the weak couplings of quarks. Future
measurements of C'P violation in K, D, B, and Bs meson decays
will provide additional constraints on the flavor parameters of the
Standard Model, and can probe new physics. In this review, we give the
formalism and basic physics that are relevant to present and near future
measurements of C'P violation in meson decays.

12.1. Formalism

In this section, we present a general formalism for, and classification
of, C'P violation in the decay of a pseudoscalar meson M that might
be a charged or neutral K, D, B, or Bg meson. Subsequent sections

describe the C' P-violating phenomenology, approximations, and alternative
formalisms that are specific to each system.

12.1.1. Charged- and neutral-meson decays : We define decay
amplitudes of M (which could be charged or neutral) and its C'P conjugate
M to a multi-particle final state f and its C'P conjugate f as

Ap=(fIHIM) . Ap=(fIH|M)
S= FHIM) . A= (P (12.13)
where H is the Hamiltonian governing weak interactions.
12.1.2. Neutral-meson mizxing : A state that is initially a superposi-
tion of M© and HO, say
[(0)) = a(0)|M°) + b(0)[ M) , (12.17)

will evolve in time acquiring components that describe all possible decay
final states {f1, fo, ...}, that is,

=0
[9(8)) = a(t)| M) + b(E)[M") + 1 ()| f1) + c2(t) fo) +--- . (12.18)
If we are interested in computing only a(t) and b(t), we can use a simplified
formalism. The simplified time evolution is determined by a 2 x 2 effective
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Hamiltonian H that is not Hermitian, since otherwise the mesons would
only oscillate and not decay. Any complex matrix, such as H, can be
written in terms of Hermitian matrices M and T" as

H:M—%I‘. (12.19)

The eigenvectors of H have well-defined masses and decay widths. To
specify the components of the strong interaction eigenstates, M 0 and MO,
in the light (My) and heavy (M) mass eigenstates, we introduce two
complex parameters, p and ¢:

—0
|Mp) o p|M°) +q[3T)
[My) o< p M) — g D7) | (12.20)
with the normalization |g| + |p|? = 1.
Solving the eigenvalue problem for H yields

0\ _ Mf, — (/2T
<p> Mg — (i/2)T12 (12.22)

12.1.3. CP-wviolating observables : All C P-violating observables in M
and M decays to final states f and f can be expressed in terms of phase-
convention-independent combinations of Ay, Ay, A?? and A?, together
with, for neutral-meson decays only, q/p. C'P violation in charged-meson
decays depends only on the combination ‘Af/Af" while CP violation

in neutral-meson decays is complicated by M9 — m° oscillations, and
depends, additionally, on |g/p| and on Ay = (q/p)(Af/Ay).

Defining * = Am/T and y = AI'/(2I'), one obtains the following
time-dependent decay rates:

dU[Mpy, (1) — f]/dt
e TN -
(145 + (a/p) A ) cosh(yTt) + (147> = I(a/p)AsI?) cos(aTt)
+2 Re((q/p)A}Zf) sinh(yI't) — ZIm((q/p)A;‘ch) sin(zl't) ,
(12.30)

dr [Mphys( ) — fl/dt
TN -
(Ip/ 0452 + A ) coshyTt) - (|(p/a)Af I = [Af[?) cos(aTt)

+2Re((p/q)AfA}) sinh(yI't) — 2Zm((p/q) Ay A}) sin(aTt) ,
(12.31)

where N, + is a common, time-independent, normalization factor.

12.1.4. Classification of C P-violating effects : We distinguish three
types of C'P-violating effects in meson decays:
I.  CP violation in decay is defined by
|A?/Af\ #1. (12.34)
In charged meson decays, where mixing effects are absent, this is
the only possible source of C'P asymmetries:

T(M~ = f7) ~T(M*¥ — f) A /A~ 1

DM~ — f7)+T(M+ — f+) |Zf*/Af+|2 1 (12.35)

Af:t
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II. CP (and T') violation in mixing is defined by

lg/pl #1. (12.36)
In charged-current semileptonic neutral meson decays M, M —
(EX (taking [Apr x| = A x| and A~ y = A,y =0, as is the
case in the Standard Model, to lowest order in G, and in most of
its reasonable extensions), this is the only source of C'P violation,
and can be measured via the asymmetry of “wrong-sign” decays
induced by oscillations:

-0 y _
AU [dt [Myppys(t) — €7 X] —dU/dt[MD () — £~ X]

Agp,(t) = —5 o —
dU/dt [M s (t) = €+ X] + dT /dt[MO,_(t) — (- X]
1—q/p|*
_ . 12.37
1+ |q/p* (12.37)

Note that this asymmetry of time-dependent decay rates is
actually time-independent.

III. C'P violation in interference between a decay without mixing,
MY — f, and a decay with mixing, M? — - f (such an
effect occurs only in decays to final states that are common to M9
and MO, including all C'P eigenstates), is defined by

Im(Af) #0, (12.38)
with _
_ a4y

Ap=———. 12.39

1= A, (12.39)

This form of C'P violation can be observed, for example, using the
asymmetry of neutral meson decays into final C'P eigenstates fop

_ U /dt[M (1) = fop] = dU/dt M, () = for]

dU [t [Myyys () = fop] +dU/dt MO () — fop]
If AT =0 and |g/p| = 1, as expected to a good approximation for
B mesons, but not for K mesons, then Ay, has a particularly
simple form (see Eq. (12.74), below). If, in addition, the decay
amplitudes fulfill \chp\ = |Aj,pl: the interference between
decays with and without mixing is the only source of the
asymmetry and Ay, (t) = Im(Ay, ) sin(al't).

fop . (12.40)

12.2. Theoretical Interpretation: The KM Mechanism

Of all the Standard Model quark parameters, only the Kobayashi-
Maskawa (KM) phase is C' P-violating. The Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix for quarks is described in the preceding CKM
review and in the full edition.

12.3. K Decays

The decay amplitudes actually measured in neutral K decays refer to
the mass eigenstates Ky, and Kg, rather than to the K and K states
referred to in Eq. (12.13). The final 7+7~ and 7079 states are C'P-even.
In the C'P limit, Kg(K}) would be C'P-even (odd), and therefore would
(would not) decay to two pions. We define C'P-violating amplitude ratios
for two-pion final states,

(mr T [HIKL)

(020K )
7 = = L= —_— 12.
0= Ry M T (e [HIKs) (12:50)
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Another important observable is the asymmetry of time-integrated
semileptonic decay rates:
D(Kp — typn™) —D(Ky, — o)
(Kyp — tyr=) + T(Kp — -vpnt)
CP violation has been observed as an appearance of K, decays to two-pion
final states [40],

Inool = (2.22240.010) x 1073 Ine—| = (2.23340.010) x 1073 (12.52)

[100/m+—| = 0.9950 £ 0.0008 , (12.53)

o = (12.51)

where the phase ¢;; of the amplitude ratio 7;; has been determined:
¢o0 = (43.50 + 0.06)°, ¢4— = (43.52 4+ 0.05)°, (12.54)
C'P violation has also been observed in semileptonic K, decays [40]

6 = (3.3240.06) x 1073, (12.56)
where 47, is a weighted average of muon and electron measurements, as
well as in K, decays to 777~y and 7Tn~ete™ [40]. CP violation in
K — 37 decays has not yet been observed [40,41].

Historically, C'P violation in neutral K decays has been described in
terms of parameters e and €’. The observables ngg, 74—, and &, are related
to these parameters, and to those of Section 12.1, by
1—A 1—X 4+ —

S o0 g = CmtmT oy
1+ X 0,0 T4 At
1—g/pf® _ 2Re(e)

L+la/pl? 1+

100 =

(12.57)

12.4. D Decays

First evidence for DO-DY mixing has been recently obtained [46,47].
Long-distance contributions make it difficult to calculate the Standard
Model prediction for the DO-DO mixing parameters. Therefore, the goal of
the search for DO~D? mixing is not to constrain the CKM parameters, but
rather to probe new physics. Here C'P violation plays an important role.
Within the Standard Model, the C P-violating effects are predicted to be
negligibly small, since the mixing and the relevant decays are described,
to an excellent approximation, by physics of the first two generations.
Observation of C'P violation in D%D° mixing (at a level much higher
than O(1073)) will constitute an unambiguous signal of new physics.
At present, the most sensitive searches involve the D — K+TK~ and
D — K*#F modes.

12.5. B and Bg Decays
The upper bound on the CP asymmetry in semileptonic B decays [51]
implies that C'P violation in B® — B’ mixing is a small effect (we use
Agr,/2 =1 —|q/p|, see Eq. (12.37)):
Ast, = (=04+5.6) x 1073 = |¢/p| = 1.0002 + 0.0028. (12.70)

Thus, for the purpose of analyzing C'P asymmetries in hadronic B
decays, we can use

Ap =€ MB) (A /Ay, (12.72)
where ¢M(B) refers to the phase of Mo appearing in Eq. (12.42) that
is appropriate for B9 — B oscillations. Within the Standard Model, the
corresponding phase factor is given by

eTOMB) = (ViVia) [ (VigVii) (12.73)
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Some of the most interesting decays involve final states that are common
to B® and B [52,53]. It is convenient to rewrite Eq. (12.40) for B decays
as [54-56]

Aj(t) = Sysin(Amt) — Cy cos(Amt),

_2Imly) 1= s ]?

= ) = : 12.74
PR TP n

where we assume that AT' = 0 and |¢/p| = 1. An alternative notation in
use is Ay = —Cy, but this Ay should not be confused with the A; of
Eq. (12.13).

A large class of interesting processes proceed via quark transitions of
the form b — gqq’ with ¢’ = s or d. For ¢ = c or u, there are contributions
from both tree (¢) and penguin (p?%, where g, = u, ¢, t is the quark in the
loop) diagrams (see Fig. 12.2) which carry different weak phases:

_ (= * q
Af - (ququ’> ty + Z <unb quq’) pfu : (12.75)
qu=u,Ct
For B — J/yKg and other b — &c3 processes, we can neglect the pv
terms. Consequently, within the Standard Model, we have:
VigVeaVen Vi,
Syr :Im<7u Cyie =0.
YKg VsV Vi Vea ’ bKg

12.6. Summary and Outlook

CP violation has been experimentally established in neutral K and B
meson decays:

1. All three types of C'P violation have been observed in K — 7 decays:

A A4
Re(e) = L [[|2x0m0 | _ | Anta= |} _ (954 0.4) x 1075(D)
6 A7r07r0 A7T+7T_
Rele) = % (1 |4 ) = (1.657£0.021) x 1073 (11)
1 ,
Im(e) = = 5Tm(\rm),_y) = (1572£0.022) x 1073 . (IID)

(12.86)

2. Direct CP violation has been observed, first in B — K+~ decays
(and more recently also in B — 77—, BY — pK*0 and Bt — pPKt
decays), and C'P violation in interference of decays with and without
mixing has been observed, first in B — J/1Kg decays and related
modes (as well as other final CP eigenstates: n'Kg, KK~ Kg,
J/r® and 7 77):

i 2
Agin = ArmeApcrn | =1 9540013 (1
|AK77T+/AK+7I'7 ‘2 +1
Sy = Im(Apr) = 0.68£0.03. (11II)
(12.87)

Searches for additional C'P asymmetries are ongoing in B, D, and
K decays, and current limits are consistent with Standard Model
expectations.

Further discussion and all references may be found in the full Review of
Particle Physics.
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13. NEUTRINO MASS, MIXING, AND FLAVOR CHANGE

Revised March 2008 by B. Kayser (Fermilab).

I. The physics of flavor change: If neutrinos have masses, then there
is a spectrum of three or more neutrino mass eigenstates, vy, va, v3, ...,
that are the analogues of the charged-lepton mass eigenstates, e, u, and 7.
If leptons mix, the weak interaction coupling the W boson to a charged
lepton and a neutrino can couple any charged-lepton mass eigenstate
lo to any neutrino mass eigenstate v;. Here, o = e, u, or 7, and /. is
the electron, etc.The amplitude for the decay of a real or virtual W=+
to yield the specific combination £} + v; is U, »i» where U is the unitary
leptonic mixing matrix [1]. Thus, the neutrino state created in the decay
W+ — % + v is the state

lve) = 3 Uil (13.1)

This superposition of neutrino mass eigenstates, produced in association
with the charged lepton of “flavor” «, is the state we refer to as the
neutrino of flavor a. Assuming CPT invariance, the unitarity of U
guarantees that the only charged lepton a v, can create in a detector is an
Lo, with the same flavor as the neutrino. Eq. (13.1) may be inverted to
give

i) =Y Ugilvg) (13.2)

which expresses the mass eigenstate v; as a superposition of the neutrinos
of definite flavor.

While there are only three (known) charged lepton mass eigenstates, it
may be that there are more than three neutrino mass eigenstates. If, for
example, there are four v;, then one linear combination of them,

lvs) = Z slvi) (13.3)

does not have a charged-lepton paltnel7 and consequently does not couple
to the Standard Model W boson. Indeed, since the decays Z — vy Uy of
the Standard Model Z boson have been found to yield only three distinct
neutrinos v, of definite flavor [2], vs does not couple to the Z boson
either. Such a neutrino, which does not have any Standard Model weak
couplings, is referred to as a “sterile” neutrino.

Neutrino flavor change is the process vq — vg, in which a neutrino
born with flavor o becomes one of a different flavor [ while propagating in
vacuum or in matter. This process, often referred to as neutrino oscillation,
is quantum mechanical to its core. Rather than present a full wave packet
treatment [3], we shall give a simpler description that captures all the
essential physics. We begin with oscillation in vacuum, and work in the
neutrino mass eigenstate basis. Then the neutrino that travels from the
source to the detector is one or another of the mass eigenstates v;. The
amplitude for the oscillation v — vg, Amp (v — vg), is a coherent sum
over the contributions of all the v;, given by

Amp (vq — vg) = Z i Prop (v;) Ug; . (13.4)

In the contribution UJ; Prop (v;) Uﬂi of v; to this sum, the factor U},
is the amplitude for the neutrino v, to be the mass eigenstate v; [see
Eq. (13.1)], the factor Prop (v;) is the amplitude for this v; to propagate
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from the source to the detector, and the factor Ug; is the amplitude for
the v; to be a vg [see Eq. (13.2)]. From elementary quantum mechanics,
the propagation amplitude Prop (v;) is exp[—im;7;], where m; is the mass
of v;, and 7; is the proper time that elapses in the v; rest frame during
its propagation. By Lorentz invariance, m;m; = FE;t — p; L, where L is the
lab-frame distance between the neutrino source and the detector, ¢ is the
lab-frame time taken for the beam to traverse this distance, and E; and p;
are, respectively, the lab-frame energy and momentum of the v; component
of the beam.

In the probability P(vq — vg) = |Amp (va — vg)|” for the oscillation
Vo — Vg, only the relative phases of the propagation amplitudes Prop (v;)
for different mass eigenstates will have physical consequences. From the
discussion above, the relative phase of Prop (1;) and Prop (v;), d¢;j, is
given by

‘ 2

6y = (pi —pj)L — (B — Ej)t . (13.5)

In practice, experiments do not measure the transit time t. However,
Lipkin has shown [4] that, to an excellent approximation, the ¢ in
Eq. (13.5) may be taken to be L/v, where

_ pit+Dpj

v BT £, (13.6)
is an approximation to the average of the velocities of the v; and v;
components of the beam. Then

2 2 2 2
P —pj . B -

L T I (m3 —m?)=— (13.7)
Pi +Dj Pi +Dj 2E

where, in the last step, we have used the fact that for highly relativistic
neutrinos, p; and p; are both approximately equal to the beam energy E.
We conclude that all the relative phases in Amp (va — vg), Eq. (13.4),
will be correct if we take Prop (v;) = exp (fim?L/QE)7 so that

Amp(ve — vg) = Z 7"”12L/2E Ugi - (13.8)

Squaring, and making judicious use of the unitarity of U, we then find that
P(va — vg) =008
—4Y R(UZUpiUaiUs;) sin®[1.27 A (L E)]
i>]
+23 (U UsiUa;US;) sin[2.54 Amiy(L/E)] . (13.9)
i>j
Here, Amgj = m? — m? is in eVz, L is in km, and F' is in GeV. We have
used the fact that when the previously omitted factors of h and ¢ are
included,

N 9y L(km)
m3(L/AE) = 1.27 Am (V) o BGeV] - (13.10)
Assuming that C'PT invariance holds,
P(a — 73) = P(vg — va) - (13.11)
But, from Eq. (13.9) we see that
P(vg = va;U) = P(va — vg;U™) . (13.12)
Thus, when C'PT holds,
PWo —vg;U) = P(va — vg; U") . (13.13)

That is, the probability for oscillation of an antineutrino is the same as
that for a neutrino, except that the mixing matrix U is replaced by its
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complex conjugate. Thus, if U is not real, the neutrino and antineutrino
oscillation probabilities can differ by having opposite values of the last
term in Eq. (13.9). When CPT holds, any difference between these
probabilities indicates a violation of C'P invariance.

As we shall see, the squared-mass splittings Am?j called for by the
various reported signals of oscillation are quite different from one another.
It may be that one splitting, AM2, is much bigger than all the others. If
that is the case, then for an oscillation experiment with L/E such that
AM?L/E = O(1), Eq. (13.9) simplifies considerably, becoming

P(<u> — V) = Sap sin®[1.27T AM*(L/E)) (13.14)
for 8 # «, and
P(<u> ST 1 — AT, (1 = To) sin?[1.27 AM?(L/E)] . (13.15)
Here,
2
Sap=4 > UsiUsi (13.16)
i+ Up
and
w= Y |Uail? (13.17)
i Up

where “7 Up” denotes a sum over only those neutrino mass eigenstates
that lie above AM? or, alternatively, only those that lie below it. The
unitarity of U guarantees that summing over either of these two clusters
will yield the same results for S,z and for Ty (1 — Th).

The situation described by Egs. (13.14)—(13.17) may be called
“quasi-two-neutrino oscillation.” It has also been called “one mass scale
dominance” [5]. It corresponds to an experiment whose L/E is such that
the experiment can “see” only the big splitting AM 2. To this experiment,
all the neutrinos above AM? appear to be a single neutrino, as do all
those below AM?2.

The relations of Eqgs. (13.14)—(13.17) apply to a three-neutrino spectrum
in which one of the two squared-mass splittings is much bigger than the
other one. If we denote by v3 the neutrino that is by itself at one end of
the large splitting AM?, then Sap = 4|UO‘3U53|2 and Ty = |Ugz|?. Thus,
oscillation experiments with AM? L/E = O(1) can determine the flavor
fractions |Uys|? of vs.

The relations of Eqs. (13.14)—(13.17) also apply to the special case
where, to a good approximation, only two mass eigenstates, and two
corresponding flavor eigenstates (or two linear combinations of flavor
eigenstates), are relevant. One encounters this case when, for example,
only two mass eigenstates couple significantly to the charged lepton with
which the neutrino being studied is produced. When only two mass
eigenstates count, there is only a single splitting, Am?2, and, omitting
irrelevant phase factors, the unitary mixing matrix U takes the form

V1 %)
Uo Ve cosf sinf (13.18)
" wvg | —sinf cosd

Here, the symbols above and to the left of the matrix label the columns
and rows, and @ is referred to as the mixing angle. From Egs. (13.16) and
(13.17), we now have S,g = sin? 20 and 4T,(1 — Ty) = sin 26, so that
Egs. (13.14) and (13.15) become, respectively,

P(D), —>(Vé) = sin® 20 sin’[1.27 Am?(L/E)] (13.19)
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with 8 # «, and

P(V), —'7)) = 1 — sin? 20 sin?(1.27 Am?*(L/E)] . (13.20)
Many experiments have been analyzed using these two expressions. Some
of these experiments actually have been concerned with quasi-two-neutrino
oscillation, rather than a genuinely two-neutrino situation. For these
experiments, “sinZ20” and “Am?” have the significance that follows from
Egs. (13.14)-(13.17).

When neutrinos travel through matter (e.g., in the Sun, Earth, or a
supernova), their coherent forward-scattering from particles they encounter
along the way can significantly modify their propagation [6]. As a result,
the probability for changing flavor can be rather different than it is in
vacuum [7].

The effect of matter is illustrated by the propagation of solar neutrinos
through solar matter. When combined with information on atmospheric
neutrino oscillation, the experimental bounds on short-distance (L < 1 km)
oscillation of reactor e [8] tell us that, if there are no sterile neutrinos, then
only two neutrino mass eigenstates, 1 and v, are significantly involved
in the evolution of the solar neutrinos. Correspondingly, only two flavors
are involved: the ve flavor with which every solar neutrino is born, and
the effective flavor v; — some linear combination of v, and v — which
it may become. Including matter effects, one finds that the probability of
observing the neutrino as v, on Earth is P(ve — ve) = sin 20, where 0
is the solar mixing angle defined by the 2v mixing matrix of Eq. (13.18),
with 0 = 0, Vo = Ve, Vg = Vg.

We note that for 6o < w/4, this ve survival probability is less than
1/2. In contrast, when matter effects are negligible, the energy-averaged
survival probability in two-neutrino oscillation cannot be less than 1/2 for
any mixing angle [see Eq. (13.20)] [14].

II. The evidence for flavor metamorphosis and what it has taught
us: The evidence that neutrinos actually do change flavor in nature is

compelling. We discuss the different pieces of evidence in the full edition.
The regions of neutrino parameter space favored or excluded by various

neutrino oscillation experiments are shown in Fig. 13.4.

III. Neutrino spectra and mizings: If further MiniBooNE results do
not confirm the LSND oscillation, then nature may well contain only three
neutrino mass eigenstates. The neutrino spectrum then contains two mass
eigenstates separated by the splitting Am% needed to explain the solar
and KamLAND data, and a third eigenstate separated from the first two
by the larger splitting Am?mn called for by the atmospheric, MINOS, and
K2K data. Current experiments do not tell us whether the solar pair —
the two eigenstates separated by Am% — is at the bottom or the top of
the spectrum. These two possibilities are usually referred to, respectively,
as a normal and an inverted spectrum. The study of flavor changes
of accelerator-generated neutrinos and antineutrinos that pass through
matter can discriminate between these two spectra (see Sec. V). If the solar
pair is at the bottom, then the spectrum is of the form shown in Fig. 13.5.
There we include the approximate flavor content of each mass eigenstate,
the flavor-a fraction of eigenstate v; being simply |(va|vi)|? = |Uail?.
The flavor content shown assumes that the atmospheric mixing angle is
maximal, which gives the best fit to the atmospheric data [16] and, as
indicated in Fig. 13.1, to the MINOS data. The content shown also takes
into account the now-established LMA-MSW explanation of solar neutrino
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Figure 13.4: The regions of squared-mass splitting and mixing
angle favored or excluded by various experiments. This figure was
contributed by H. Murayama (University of California, Berkeley).
References to the data used in the figure can be found at
http://hitoshi.berkeley.edu/neutrino/.

behavior. For simplicity, it neglects the small, as-yet-unknown v, fraction
of v3 (see below).

When there are only three neutrino mass eigenstates, and the
corresponding three familiar neutrinos of definite flavor, the leptonic
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Figure 13.5: A three-neutrino squared-mass spectrum that
accounts for the observed flavor changes of solar, reactor, atmospheric,
and long-baseline accelerator neutrinos. The v, fraction of each mass
eigenstate is crosshatched, the v, fraction is indicated by right-leaning
hatching, and the v, fraction by left-leaning hatching.

mixing matrix U can be written as

v vo v3
Ve c12c13 s 512€13 s s1ze”
U= v, | —s12c23 — c12823513¢€" C12C23 — 812523513€"°  523C13
vr 512523 — c12¢23513¢"  —C12823 — S12¢23513€"0  C23C13
x diag(e’®1/2, el@2/2 1) (13.30)

Here, 11 and v are the members of the solar pair, with mg > mq, and v3 is
the isolated neutrino, which may be heavier or lighter than the solar pair.
Inside the matrix, ¢;; = cos0;; and s;; = sin;;, where the three 6;;’s are
mixing angles. The quantities §, «1, and ag are C'P-violating phases. The
phases a1 and a9, known as Majorana phases, have physical consequences
only if neutrinos are Majorana particles, identical to their antiparticles.
Then these phases influence neutrinoless double-beta decay [see Sec. IV]
and other processes [36]. However, as we see from Eq. (13.9), a3 and
ag do not affect neutrino oscillation, regardless of whether neutrinos
are Majorana particles. Apart from the phases a1, a2, which have no
quark analogues, the parametrization of the leptonic mixing matrix in
Eq. (13.30) is identical to that [37] advocated for the quark mixing matrix
by Ceccucci, Ligeti, and Sakai in their article in this Review.

From bounds on the short-distance oscillation of reactor e [8] and
other data, at 20, |U|? < 0.032 [38]. (Thus, the v, fraction of u3
would have been too small to see in Fig. 13.5; this is the reason it was
neglected.) From Eq. (13.30), we see that the bound on |U.3|? implies that
5%3 < 0.032. From Eq. (13.30), we also see that the C'P-violating phase d,
which is the sole phase in the U matrix that can produce C'P violation in
neutrino oscillation, enters U only in combination with s13. Thus, the size
of C'P violation in oscillation will depend on s13.

Given that s13 is small, Egs. (13.30), (13.15), and (13.17) imply that
the atmospheric mixing angle Oatm extracted from v, disappearance
measurements is approximately 023, while Egs. (13.30) and (13.18) (with
Vo = Ve and 0 = 0) imply that g ~ 60;9.

IV. The neutrino-anti-neutrino relation: The observation of
neutrinoless double beta decay, in which one nucleus decays to another
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by emitting two electrons and nothing else, would clearly show that
L, the lepton number that distinguishes leptons from antileptons, is
not conserved. There would then be no conserved quantum number
to differentiate each neutrino mass eigenstate v; from its antiparticle
v;. Thus, v; = 7;, and v; is called a Majorana neutrino. One expects
that neutrinoless double beta decay (if it occurs) will be dominated
by a neutrino exchange mechanism that makes its rate proportional to

| < mgg > |2, where | < mgg > |, the "effective Majorana mass for
neutrinoless double beta decay,” is given by

Z m; U, 62,-
%

Clearly, if v; = 7;, the neutrinos are very different from the quarks and
charged leptons.

=|<mpgg>| . (13.31)

For further details and references, see the full Review of Particle
Physics.
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14. QUARK MODEL

Revised December 2007 by C. Amsler (University of Ziirich), T. DeGrand
(University of Colorado, Boulder), and B. Krusche (University of Basel).

14.1. Quantum numbers of the quarks

Quarks are strongly interacting fermions with spin 1/2 and, by
convention, positive parity. Antiquarks have negative parity. Quarks have
the additive baryon number 1/3, antiquarks -1/3. The isospin is 1/2 for
the u and d quarks (z-component I, = 1/2, resp. —1/2) and 0 for the other
quarks. The additive quantum numbers (flavors) for the three generations
of quarks are related to the charge Q (in units of the elementary charge e)
through the generalized Gell-Mann-Nishijima formula

B+S+C+B+T

Q=lt —p . (14.1)

where B is the baryon number. The convention is that the flavor of a
quark (I, S, C, B, or T) has the same sign as its charge Q. With this
convention, any flavor carried by a charged meson has the same sign as its
charge, e.g., the strangeness of the K is +1, the bottomness of the BT
is +1, and the charm and strangeness of the D are each —1. Antiquarks
have the opposite flavor signs.

14.2. Mesons

Mesons have baryon number B = 0. In the quark model, they are ¢g’
bound states of quarks ¢ and antiquarks g’ (the flavors of ¢ and ¢ may
be different). If the orbital angular momentum of the ¢g’ state is £, then
the parity P is (—1)/T!. The meson spin J is given by the usual relation
[ —s| < J < |+ s|, where s is 0 (antiparallel quark spins) or 1 (parallel
quark spins). The charge conjugation, or C-parity C' = (71)Z+5, is defined
only for the ¢ states made of quarks and their own antiquarks. The
C-parity can be generalized to the G-parity G = (—1)/T+5 for mesons
made of quarks and their own antiquarks (isospin |, = 0), and for the
charged ud and di states (isospin | = 1).

The mesons are classified in JPC multiplets. The ¢ = 0 states are
the pseudoscalars (0~1) and the vectors (177). The orbital excitations
£ =1 are the scalars (07T), the axial vectors (17F) and (177), and the
tensors (2771). Assignments for many of the known mesons are given in
the full Review. Radial excitations are denoted by the principal quantum
number n. The very short lifetime of the ¢t quark makes it likely that
bound-state hadrons containing ¢ quarks and/or antiquarks do not exist.

States in the natural spin-parity series P = (71)‘] must, according to
the above, have s = 1 and hence, CP = +1. Thus, mesons with natural
spin-parity and CP = —1 (07—, 1=+, 2=, 37 etc.) are forbidden in the
q7’ model. The JPC = 0~ state is forbidden as well. Mesons with such
erotic quantum numbers may exist, but would lie outside the ¢’ model
(see the full Review).

Following SU(3), the nine possible ¢’ combinations containing the light
u, d, and s quarks are grouped into an octet and a singlet of light quark
mesons:

33=8a1. (14.2)

A fourth quark such as charm ¢ can be included by extending SU(3) to
SU(4). However, SU(4) is badly broken owing to the much heavier ¢ quark.



14. Quark model 189

Nevertheless, in an SU(4) classification, the sixteen mesons are grouped
into a 15-plet and a singlet:

44=1591. (14.3)

The weight diagrams for the ground-state pseudoscalar (0~F) and
vector (17 7) mesons are depicted in Fig. 14.1. The light quark mesons are
members of nonets building the middle plane in Fig. 14.1(a) and (b).

-
Figure 14.1: SU(4) weight diagram showing the 16-plets for the
pseudoscalar (a) and vector mesons (b) made of the u, d, s, and ¢
quarks as a function of isospin |, charm C, and hypercharge Y =

S+B — €. The nonets of light mesons occupy the central planes to
which the cc states have been added.
Isoscalar states with the same JFC will mix, but mixing between the
two light quark isoscalar mesons, and the much heavier charmonium or
bottomonium states, are generally assumed to be negligible.

14.3. Baryons: gqq states

Baryons are fermions with baryon number B = 1, i.e., in the most
general case, they are composed of three quarks plus any number of
quark - antiquark pairs. Although recently some experimental evidence
for (qgqqqq) pentaquark states has been claimed (see review on Possible
Exotic Baryon Resonance), so far all established baryons are 3-quark (gqq)
configurations. The color part of their state functions is an SU(3) singlet,
a completely antisymmetric state of the three colors. Since the quarks are
fermions, the state function must be antisymmetric under interchange of
any two equal-mass quarks (up and down quarks in the limit of isospin
symmetry). Thus it can be written as

|qqq)a = |color) 4 X |space, spin, flavor)g , (14.21)
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where the subscripts S and A indicate symmetry or antisymmetry under
interchange of any two equal-mass quarks. Note the contrast with the
state function for the three nucleons in 3H or 3He:

|[NNN) 4 = |space, spin, isospin) 4 . (14.22)
This difference has major implications for internal structure, magnetic
moments, etc.
The “ordinary” baryons are made up of u, d, and s quarks. The three

flavors imply an approximate flavor SU(3), which requires that baryons
made of these quarks belong to the multiplets on the right side of

3R3®3=10cD8 D8 P1ly. (14.23)

Here the subscripts indicate symmetric, mixed-symmetry, or antisymmetric
states under interchange of any two quarks. The 1 is a uds state (A1), and
the octet contains a similar state (Ag). If these have the same spin and
parity, they can mix. The mechanism is the same as for the mesons. In the
ground state multiplet, the SU(3) flavor singlet A; is forbidden by Fermi
statistics. Section 36 on “SU(3) Isoscalar Factors and Representation
Matrices,” shows how relative decay rates in, say, 10 — 8 ® 8 decays may
be calculated. The addition of the ¢ quark to the light quarks extends
the flavor symmetry to SU(4). However, due to the large mass of the ¢
quark, this symmetry is much more strongly broken than the SU(3) of the
three light quarks. Figures 14.2(a) and 14.2(b) show the SU(4) baryon
multiplets that have as their bottom levels an SU(3) octet, such as the
octet that includes the nucleon, or an SU(3) decuplet, such as the decuplet
that includes the A(1232). All particles in a given SU(4) multiplet have
the same spin and parity. The addition of a b quark extends the flavor
symmetry to SU(5); the existence of baryons with t-quarks is very unlikely
due to the short lifetime of the top.

Figure 14.2: SU(4) multiplets of baryons made of u, d, s, and ¢
quarks. (a) The 20-plet with an SU(3) octet. (b) The 20-plet with
an SU(3) decuplet.

For further details and references, see the full Review of Particle
Physics.
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16. STRUCTURE FUNCTIONS

Updated September 2007 by B. Foster (University of Oxford), A.D. Martin
(University of Durham), and M.G. Vincter (Carleton University).

16.1. Deep inelastic scattering

High-energy lepton-nucleon scattering (deep inelastic scattering) plays
a key role in determining the partonic structure of the proton. The
process /N — {'X is illustrated in Fig. 16.1. The filled circle in this figure
represents the internal structure of the proton which can be expressed in

terms of structure functions.
/

Kk
k

P, M W

Figure 16.1: Kinematic quantities for the description of deep
inelastic scattering. The quantities k¥ and k' are the four-momenta
of the incoming and outgoing leptons, P is the four-momentum of a
nucleon with mass M, and W is the mass of the recoiling system X.
The exchanged particle is a 7, W, or Z; it transfers four-momentum
q =k — k' to the nucleon.

Invariant quantities:

-P
V= - _ E — E' is the lepton’s energy loss in the nucleon rest frame (in

M earlier literature sometimes v = ¢ - P). Here, E and E’ are

the initial and final lepton energies in the nucleon rest frame.

Q? = —¢®> = 2(EE - % - %}') — m% - m?, where my(my) is the initial
(final) lepton mass. If EE’ sin?(0/2) > m3, m?,, then

~ 4EE'sin?(/2), where 6 is the lepton’s scattering angle with respect
to the lepton beam direction.
2

r = ——— where, in the parton model, z is the fraction of the nucleon’s
2Mv K )
momentum carried by the struck quark.
q-P v, . , .
y = T P-F is the fraction of the lepton’s energy lost in the nucleon

rest frame.

W2 = (P +q)? = M?2 4+ 2Mv — Q? is the mass squared of the system X
recoiling against the scattered lepton.

Q2
:x_y

s = (k+ P)? + M2+ m% is the center-of-mass energy squared of the

lepton-nucleon system.

The process in Fig. 16.1 is called deep (Q? 3> M?) inelastic (W2 3> M?)
scattering (DIS). In what follows, the masses of the initial and scattered
leptons, my and my, are neglected.
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16.1.1. DIS cross sections :
d?o 2 Mv d’o

P _ M? = 16.1

Gy M) Tt T T doneap - 16U
In lowest-order perturbation theory, the cross section for the scattering of
polarized leptons on polarized nucleons can be expressed in terms of the
products of leptonic and hadronic tensors associated with the coupling of
the exchanged bosons at the upper and lower vertices in Fig. 16.1 (see
Refs. 1-4)

d%o 27ryoz2 ;
Ty - Of > LYW, (16.2)
j

For neutral-current processes, the summation is over j = v,Z and
~vZ representing photon and Z exchange and the interference between
them, whereas for charged-current interactions there is only W exchange,
j = W. (For transverse nucleon polarization, there is a dependence on
the azimuthal angle of the scattered lepton.) Ly, is the lepton tensor
associated with the coupling of the exchange boson to the leptons. For
incoming leptons of charge e = +1 and helicity A = +1,

Ly, =2 (k#k,’, + Rk — kK g — iAsmﬁk%'ﬂ) ,
L)Z =(g5 +eNg) LY. LE, = (0 +erg9)* L],

LY =(1+eN? L], (16.3)

where gf, = f% + 2sin? Oy, 94 = f% . Although here the helicity

formalism is adopted, an alternative approach is to express the tensors in
Eq. (16.3) in terms of the polarization of the lepton.

The factors 7; in Eq. (16.2) denote the ratios of the corresponding
propagators and couplings to the photon propagator and coupling squared

1 [ GpM Q? .
= Tz = 2V2ra Q2+ZVI% ’

2
GpM? Q>
_ .2 . _ 1 FY W
Nz = Myz 5 Mw = 2( ira Qi3 ) (16.4)

The hadronic tensor, which describes the interaction of the appropriate
electroweak currents with the target nucleon, is given by

Wy = ﬁ / az 0= (P s|[J}). 20)]] PS). (16.5)

where S denotes the nucleon-spin 4-vector, with $2 = —M2 and S- P = 0.
16.2. Structure functions of the proton

The structure functions are defined in terms of the hadronic tensor (see
Refs. 1-3)
PP,
Wiy = (—gw + q"?”) Fi(e, Q%) + 22 Fy(2,Q?)
q g

P
. g P?
~ e 5p T, Fy(w, Q%)

+ e o [P0 @) 4 (57 - 5P i)

S-q
P-q



16. Structure functions 193

1 PUEN S-q ~ = 9
+P—-q {%(PMSV"'SMPV)_—.qPM u} g3(z, Q%)
S.q | P
e | 9 >+(fgw + q“;f") gs<a«,Q2>} (16.6)
where
. P. . S -
P, =P, - q2q Ap Sp = Su — q2q du - (16.7)

The cross sections for neutral- and charged-current deep inelastic
scattering on unpolarized nucleons can be written in terms of the structure
functions in the generic form

d%q’ _ 4ma’ a1 =y - 22y? M2 i
dzdy zyQ? Q? 2

2 i v\
+y“aF] F <y — 5) ng}, (16.8)

where i = NC, CC corresponds to neutral-current (eN — eX) or charged-
current (eN — vX or vN — eX) processes, respectively. For incoming

neutrinos, LE‘{, of Eq. (16.3) is still true, but with e, A corresponding to
the outgoing charged lepton. In the last term of Eq. (16.8), the — sign is
taken for an incoming et or 7 and the + sign for an incoming e~ or v.

The factor nNC = 1 for unpolarized eT beams, whereas
19 = 1+ nw (16.9)
with + for £*; and where \ is the helicity of the incoming lepton and

nw is defined in Eq. (16.4); for incoming neutrinos nCC = 4ny. The CC
structure functions, which derive exclusively from W exchange, are

FCC =V FSC = BV, 2F$C = 2RV, (16.10)
The NC structure functions F; , F; Z, F2Z are, for e N — eT X, given by
Ref. [5],
Z
FJC = F — (g5 =0 0)mzF5 7 + (97 +95° £20g09%) nzFS (16.11)
and similarly for FlNc7 whereas
FYC = (g5 £ FY7 1126595 £ Mg{ 2 + 95D nzaFf . (16.12
2 (GaEAGY )Ny 22 F " + 29790 £ M9y +947 ) Inze ks’ . (16.12)
The polarized cross-section difference
Ao = oA =1, ) — c(Mdn =1, 7)), (16.13)

where Ay, A, are the helicities (£1) of the incoming lepton and nucleon,
respectively, may be expressed in terms of the five structure functions
91,..5(%, Q) of Eq. (16.6). Thus,

d2Act 8ra?

dedy — zyQ? K

. M2 . M2
¢ {—/\Zy (2 - Y- 2352?/2?) xgi + )\/./4953?/2 ? gé

M? M2\
+ 2.7)23/? (1 fyfx2y2@> 95

M? M2\ ;
- (1 + 2x2y@> Kl —y—a?y? o > g4+ xy2g%} } (16.14)
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with ¢ = NC or CC as before. In the M?/Q? — 0 limit, Eq. (16.8) and
Eq. (16.14) may be written in the form

d%o? _ 2ra?

i [Y+F§' FY_aFi - y2F£] 7

drdy — xyQ?
?Act 4ma? ; i ;
=Y iyl T Y 2gi + 42 Z}, 16.16
drdy 902" [ T4 F Y2241 +y7g} ( )
with 4 = NC or CC, where Yy =14 (1 —y)? and
Fj = Fy — 2F{, g} = g} — 2ug} . (16.17)

In the naive quark-parton model, the analogy with the Callan-Gross
relations [6] F} = 0, are the Dicus relations [7] g7 = 0. Therefore,
there are only two independent polarized structure functions: ¢ (parity
conserving) and gs (parity violating), in analogy with the unpolarized
structure functions F; and Fj.

16.2.1. Structure functions in the quark-parton model :

In the quark- palton model [8,9], contributions to the structure
functions F* and ¢* can be expressed in terms of the quark distribution
functions ¢(z, QZ) of the proton, where ¢ = u,%,d,d etc.The quantity

(J‘,Q )dz is the number of quarks (or anthuarks) of designated flavor
that carry a momentum fraction between z and = + dx of the proton’s
momentum in a frame in which the proton momentum is large.

For the neutral-current processes ep — eX,

Z 2 2 —_
[ng Fg 7FZZ]:‘TE:|:€37 261193/79;1/ +g?4:| (Q+q)7
q

=10, 2e49%, 29%.9%] (a—7) ,
q

Y2
77, 77, Ff

Z 2 2 —_
[QY, 97, 912] =1y [63, 2eq9%, 987 + 9% ] (Aq + A7) ,
q

] [0, eqdh: 9v9%] (Ag—Ag) , (16.18)
where g?, = i% — 2¢4sin? Oy and g% = i%, with £ according to whether
q is a u— or d—type quark respectively. The quantity Aq is the difference
qT —ql of the distributions with the quark spin parallel and antiparallel
to the proton spin.

For the charged-current processes e p — vX and 7p — et X, the

structure functions are:
BV =2c(u+d+s+c...), FYV =2w-d—s+c...), (16.19)

gV = (Aut+Ad+ A5+ Ac..), gV =(-Aut+Ad+ A5 Ac..)),

where only the active flavors are to be kept and where CKM mixing has
been neglected. For etp — 7X and vp — e~ X, the structure functions
FW+,gW+ are obtained by the flavor interchanges d <+ u,s <> ¢ in the
expressions for FW ™, gW™ . The structure functions for scattering on a
neutron are obtained from those of the proton by the interchange u < d.
For both the neutral- and chdrged-current processes, the quark-parton
model predicts 2xF1 F2 and gy = 229;.

Further discussion may be found in the full Review of Particle Physics.
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Figure 16.7: The proton structure function Fg measured in elec-
tromagnetic scattering of positrons on protons (collider experiments
ZEUS and H1), in the kinematic domain of the HERA data, for
x > 0.00006 (c¢f Fig. 16.10 for data at smaller # and Q?), and
for electrons (SLAC) and muons (BCDMS, E665, NMC) on a fixed
target. Statistical and systematic errors added in quadrature are
shown. The data are plotted as a function of Q2 in bins of fixed x.
Some points have been slightly offset in Q2 for clarity. The ZEUS
binning in z is used in this plot; all other data are rebinned to the x
values of the ZEUS data. For the purpose of plotting, Fg’ has been
multiplied by 2%, where iy is the number of the z bin, ranging from
iz =1 (z = 0.85) to iz = 28 (z = 0.000063).
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19. BIG-BANG COSMOLOGY

Revised September 2007 by K.A. Olive (University of Minnesota) and
J.A. Peacock (University of Edinburgh).

19.1. Introduction to Standard Big-Bang Model

The observed expansion of the Universe [1,2,3] is a natural (almost
inevitable) result of any homogeneous and isotropic cosmological model
based on general relativity. In order to account for the possibility that the
abundances of the elements had a cosmological origin, Alpher and Herman
proposed that the early Universe which was once very hot and dense
(enough so as to allow for the nucleosynthetic processing of hydrogen),
and has expanded and cooled to its present state [4,5]. In 1948, Alpher
and Herman predicted that a direct consequence of this model is the
presence of a relic background radiation with a temperature of order a
few K [6,7]. It was the observation of the 3 K background radiation that
singled out the Big-Bang model as the prime candidate to describe our
Universe. Subsequent work on Big-Bang nucleosynthesis further confirmed
the necessity of our hot and dense past. These relativistic cosmological
models face severe problems with their initial conditions, to which the best
modern solution is inflationary cosmology.

19.1.1. The Robertson- Walker Universe :

The observed homogeneity and isotropy enable us to describe the overall
geometry and evolution of the Universe in terms of two cosmological
parameters accounting for the spatial curvature and the overall expansion
(or contraction) of the Universe. These two quantities appear in the most
general expression for a space-time metric which has a (3D) maximally
symmetric subspace of a 4D space-time, known as the Robertson-Walker
metric:

2
ds? = di® — R2(t) Id% + 72 (d6? + sin? quﬁz)] . (19.1)
— RT"

Note that we adopt ¢ = 1 throughout. By rescaling the radial coordinate,
we can choose the curvature constant k to take only the discrete values
+1, —1, or 0 corresponding to closed, open, or spatially flat geometries.

19.1.2. The redshift :

The cosmological redshift is a direct consequence of the Hubble
expansion, determined by R(t). A local observer detecting light from a
distant emitter sees a redshift in frequency. We can define the redshift as

_ = V12
P S Rt (19.3)
Vo ¢
where v is the frequency of the emitted light, vo is the observed frequency
and vy9 is the relative velocity between the emitter and the observer.
While the definition, z = (v1 — v2)/v2 is valid on all distance scales,
relating the redshift to the relative velocity in this simple way is only true
on small scales (i.e., less than cosmological scales) such that the expansion
velocity is non-relativistic. For light signals, we can use the metric given
by Eq. (19.1) and ds? = 0 to write
vy R
1+2z= v TRy
This result does not depend on the non-relativistic approximation.

(19.5)

19.1.3. The Friedmann-Lemaitre equations of motion :
The cosmological equations of motion are derived from Einstein’s
equations
R;w - %g}U/R = STFGNTMD + Ag;w . (19-6)
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Gliner [15] and Zeldovich [16] seem to have pioneered the modern view,
in which the A term is taken to the rhs and interpreted as particle-physics
processes yielding an effective energy-momentum tensor T}, for the
vacuum of Ag,,/8mGx. Tt is common to assume that the matter content
of the Universe is a perfect fluid, for which

Tul/ = —PYuv + (P + /)) UpUy , (197)

where g, is the space-time metric described by Eq. (19.1), p is the
isotropic pressure, p is the energy density and u = (1,0,0,0) is the
velocity vector for the isotropic fluid in co-moving coordinates. With the
perfect fluid source, Einstein’s equations lead to the Friedmann-Lemaitre

equations
.\ 2
R 8 GN P k A
H=|=2] =220 _ 2 4= 19.8
(R) 3 R2 + 3’ (198)
and -
R A 4nGn
R=3 3 (p+3p), (19.9)

where H(t) is the Hubble parameter and A is the cosmological constant.
The first of these is sometimes called the Friedmann equation. Energy
conservation via T‘fz =0, leads to a third useful equation

p=-3H(p+p) . (19.10)
Eq. (19.10) can also be simply derived as a consequence of the first law
of thermodynamics. For A = 0, it is clear that the Universe must be
expanding or contracting.

19.1.4. Definition of cosmological parameters :

The Friedmann equation can be used to define a critical density such
that £k =0 when A =0,
3H? —26,2 -3
= =1.88x 107" h* k
Pe= S in X voRem (19.11)
=1.05x 107°h% GeV cm ™3,
where the scaled Hubble parameter, h, is defined by
H =100h km s~ Mpc™?
= H 1=978hr"1 Gyr (19.12)

=2998 ! Mpc .
The cosmological density parameter Qo is defined as the energy density
relative to the critical density,

Qtot = p/pe - (19.13)
Note that one can now rewrite the Friedmann equation as

k/R%* = H*(Quor — 1) . (19.14)

From Eq. (19.14), one can see that when Qo > 1, £ = +1 and the
Universe is closed, when Qo < 1, K = —1 and the Universe is open, and
when Qtot = 1, £ = 0, and the Universe is spatially flat.

It is often necessary to distinguish different contributions to the
density. It is therefore convenient to define present-day density parameters
for pressureless matter (€,,) and relativistic particles (£2,), plus the
quantity Qp = A/3H 2. In more general models, we may wish to drop the
assumption that the vacuum energy density is constant, and we therefore
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denote the present-day density parameter of the vacuum by €,. The
Friedmann equation then becomes

k/ R = H3 (Qn + Q4+ Qy — 1) , (19.15)

where the subscript 0 indicates present-day values. Thus, it is the sum of
the densities in matter, relativistic particles, and vacuum that determines
the overall sign of the curvature. Note that the quantity —k/ R%Hg is

sometimes (unfortunately) referred to as €.

19.1.5. Standard Model solutions :

During inflation or perhaps even today if we are living in an accelerating
Universe, domination by a cosmological constant or some other form of
dark energy should be considered.

Let us first assume a general equation of state parameter for a single
component, w = p/p which is constant. In this case, Eq. (19.10) can be
written as p = —3(1 +w)pR/R and is easily integrated to yield

p oc R30Fw) (19.16)
Note that at early times when R is small, k/ R? in the Friedmann equation
can be neglected so long as w > —1/3. Curvature domination occurs at
rather late times (if a cosmological constant term does not dominate
sooner). For w # —1,
R(t) o< t2/B0+w)] (19.17)

19.1.5.2. A Radiation-dominated Universe:

In the early hot and dense Universe, it is appropriate to assume an
equation of state corresponding to a gas of radiation (or relativistic
particles) for which w = 1/3. In this case, Eq. (19.16) becomes p o< R4,
Similarly, one can substitute w = 1/3 into Eq. (19.17) to obtain

Rty t?;  H=1/2t. (19.18)

19.1.5.3. A Matter-dominated Universe:

Non-relativistic matter eventually dominates the energy density over
radiation. A pressureless gas (w = 0) leads to the expected dependence
p X R73, and, if k = 0, we get

R(t) o 213 ; H=2/3t. (19.19)

If there is a dominant source of vacuum energy, acting as a cosmological
constant with equation of state w = —1. This leads to an exponential
expansion of the Universe

R(t) oc VA3t (19.20)
The equation of state of the vacuum need not be the w = —1 of A,
and may not even be constant [17,18,19]. There is now much interest
in the more general possibility of a dynamically evolving vacuum energy,
for which the name ‘dark energy’ has become commonly used. A variety
of techniques exist whereby the vacuum density as a function of time
may be measured, usually expressed as the value of w as a function of
epoch [20,21]. The best current measurement for the equation of state
(assumed constant) is w = —0.9671'8:8;3 [22].  Unless stated otherwise,
we will assume that the vacuum energy is a cosmological constant with
w = —1 exactly.
The presence of vacuum energy can dramatically alter the fate of the
Universe. For example, if A < 0, the Universe will eventually recollapse
independent of the sign of k. For large values of A (larger than the Einstein
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static value needed to halt any cosmological expansion or contraction),
even a closed Universe will expand forever. One way to quantify this is
the deceleration parameter, qg, defined as

RR 1 (14 3w)
TR O— §Qm+QT+T
This equation shows us that w < —1/3 for the vacuum may lead to
an accelerating expansion. Current data indicate that vacuum energy is
indeed the largest contributor to the cosmological density budget, with
Qy = 0.759 £+ 0.034 and Q,, = 0.241 +0.034 if £ = 0 is assumed (3-year
mean WMAP figure) [22].

19.2. Introduction to Observational Cosmology

%= Q. (19.21)

19.2.1. Fluzes, luminosities, and distances :

The key quantities for observational cosmology can be deduced quite
directly from the metric.

(1) The proper transverse size of an object seen by us to subtend an
angle di) is its comoving size dip r times the scale factor at the time of
emission:

dl=dyp Ror/(1+ %) . (19.22)

(2) The apparent flux density of an object is deduced by allowing
its photons to flow through a sphere of current radius Ryr; but photon
energies and arrival rates are redshifted, and the bandwidth dv is reduced.
These relations lead to the following common definitions:

angular-diameter distance: Da = (14 2) "' Ror (19.24)
luminosity distance: Dy, = (1+ z) Ror . '

These distance-redshift relations are expressed in terms of observables
by using the equation of a null radial geodesic plus the Friedmann

equation:
Ry 1 1 2
—dt=——dz=— |(1 = Qmn — Q0 — Q)1
R dt ) dz o [( m v ) (1+ 2)

s (19.25)
F Q1423 Q14230 +z)4] dz .
The main scale for the distance here is the Hubble length, 1/Hj.

In combination with Cepheid data from the HST key project on the
distance scale, SNe results are the dominant contributor to the best
modern value for Hp: 72kms 'Mpc~! 4 10% [27]. Better still, the
analysis of high-z SNe has allowed the first meaningful test of cosmological
geometry to be carried out.

19.2.3. Age of the Universe :

The dynamical result for the age of the Universe may be written as

o0 dz
Hoto = 73 (19.28)
0 (1+42) [(142)2(1+ Qmz) — 2(2 + 2))
where we have neglected €, and chosen w = —1. Over the range of

interest (0.1 S Qm S 1, |Qy] S 1), this exact answer may be approximated

to a few % accuracy by
Hoto =~ 2 (0.7Qm + 0.3 — 0.3Q,) 703 . (19.29)

For the special case that Q, + , = 1, the integral in Eq. (19.28) can be
expressed analytically as
2 I 1+ v

Hotg = STV
N I o

(Qm <1). (19.30)
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The present consensus favors ages for the oldest clusters of about
12 Gyr [30,31].

These methods are all consistent with the age deduced from studies
of structure formation, using the microwave background and large-scale
structure: to = 13.73 £0.15 Gyr [22], where the extra accuracy comes at
the price of assuming the Cold Dark Matter model to be true.

19.3. The Hot Thermal Universe

19.3.1. Thermodynamics of the early Universe :

Through much of the radiation-dominated period, thermal equilibrium
is established by the rapid rate of particle interactions relative to the
expansion rate of the Universe. In equilibrium, it is straightforward to
compute the thermodynamic quantities, p, p, and the entropy density, s.

In the Standard Model, a chemical potential is often associated with
baryon number, and since the net baryon density relative to the photon
density is known to be very small (of order 10_10)7 we can neglect any
such chemical potential when computing total thermodynamic quantities.

For photons, we have

w2 1 4 20(3), .

Py = ET4 PPy =3Prvs Sy S % o Ny = %Td : (19.39)

Eq. (19.10) can be converted into an equation for entropy conservation,

d(sR)/dt =0 . (19.40)
For radiation, this corresponds to the relationship between expansion and
cooling, T o R~! in an adiabatically expanding Universe. Note also that
both s and ny scale as T3,

19.3.2. Radiation content of the Early Universe :

At the very high temperatures associated with the early Universe,
massive particles are pair produced, and are part of the thermal bath. If
for a given particle species ¢ we have T' > m;, then we can neglect the mass
and the thermodynamic quantities are easily computed. In general, we
can approximate the energy density (at high temperatures) by including
only those particles with m; < T'. In this case, we have

2

7 s 2
p= (Z 98+ g Zw) 5T =5 N T, (19.41)
B F

where gp() is the number of degrees of freedom of each boson (fermion)
and the sum runs over all boson and fermion states with m < T.
Eq. (19.41) defines the effective number of degrees of freedom, N(T'), by
taking into account new particle degrees of freedom as the temperature is
raised.

The value of N(T') at any given temperature depends on the particle
physics model. In the standard SU(3) x SU(2) x U(1) model, we can specify
N(T) up to temperatures of O(100) GeV. The change in N (ignoring mass
effects) can be seen in the table below. At higher temperatures, N(T') will
be model-dependent.

In the radiation-dominated epoch, Eq. (19.10) can be integrated
(neglecting the T-dependence of N) giving us a relationship between the
age of the Universe and its temperature

90 1/2 )
t=| ———— T =. 19.42
(327r3GNN(T)> ( )
Put into a more convenient form
t Tey = 24[N(1)] 72, (19.43)

where ¢ is measured in seconds and T\fey in units of MeV.
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Temperature New Particles 4AN(T)
T < me Y's + v's 29
me <T <my et 43
my <T <mg pt 57
my <T < TC]L m’s 69
Te < T < Mmstrange ™’s + u, @,d,d + gluons 205
ms < T < Meharm 5,5 247
me < T < mg c,C 289
mr <T < Mpottom T 303
my <T <myz b,b 345
mw,z < T < MHiggs Wi., Z 381
mpg < T < Miop HO 385
my < T t,t 427

T, corresponds to the confinement-deconfinement transition between
quarks and hadrons.

19.3.7. Nucleosynthests :

An essential element of the standard cosmological model is Big-Bang
nucleosynthesis (BBN), the theory which predicts the abundances of the
light element isotopes D, 3He, 4He, and "Li. Nucleosynthesis takes place at
a temperature scale of order 1 MeV. The nuclear processes lead primarily
to 4He, with a primordial mass fraction of about 24%. Lesser amounts of
the other light elements are produced: about 107 of D and 3He and about
10710 of 7Li by number relative to H. The abundances of the light elements
depend almost solely on one key parameter, the baryon-to-photon ratio,
1. The nucleosynthesis predictions can be compared with observational
determinations of the abundances of the light elements. Consistency
between theory and observations leads to a conservative range of

4.7x1070 <5< 6.5 x 10710, (19.54)
7 is related to the fraction of {2 contained in baryons, €,
Qp = 3.66 x 10" h 2, (19.55)

or 10107 = 2740, h2.

19.4. The Universe at late times

We are beginning to inventory the composition of the Universe:
total: © =1.011+0.012 (from CMB anisotropy)

matter: Q,, = 0.24 +0.03
baryons: Qg = 0.042 £ 0.004
CDM: Qcpm = Qi — OB
neutrinos: 0.001 < Q, < 0.05
dark energy: €, = 0.77 +£0.03
photons: Q = 2.471 x 107°

Further discussion and all references may be found in the full Review of
Particle Physics. The numbering of references and equations used here
corresponds to that version.
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21. THE COSMOLOGICAL PARAMETERS

Updated September 2007, by O. Lahav (University College London) and
A.R. Liddle (University of Sussex).

21.1. Parametrizing the Universe

The term ‘cosmological parameters’ is forever increasing in its scope,
and nowadays includes the parametrization of some functions, as well
as simple numbers describing properties of the Universe. The original
usage referred to the parameters describing the global dynamics of the
Universe, such as its expansion rate and curvature. Also now of great
interest is how the matter budget of the Universe is built up from its
constituents: baryons, photons, neutrinos, dark matter, and dark energy.
We need to describe the nature of perturbations in the Universe, through
global statistical descriptions such as the matter and radiation power
spectra. There may also be parameters describing the physical state of the
Universe, such as the ionization fraction as a function of time during the
era since decoupling. Typical comparisons of cosmological models with
observational data now feature between five and ten parameters.

21.1.1. The global description of the Universe :

The complete present state of the homogeneous Universe can be
described by giving the present values of all the density parameters and
the present Hubble parameter h. These also allow us to track the history
of the Universe back in time, at least until an epoch where interactions
allow interchanges between the densities of the different species, which
is believed to have last happened at neutrino decoupling shortly before
nucleosynthesis. To probe further back into the Universe’s history requires
assumptions about particle interactions, and perhaps about the nature of
physical laws themselves.

21.1.4. The standard cosmological model :

The basic set of cosmological parameters is therefore as shown in
Table 21.1. The spatial curvature does not appear in the list, because it
can be determined from the other parameters using Eq. 21.1. The total
present matter density Qm = Qg + 2 is usually used in place of the dark
matter density.

As described in Sec. 21.4, models based on these eleven parameters are
able to give a good fit to the complete set of high-quality data available
at present, and indeed some simplification is possible. Observations are
consistent with spatial flatness, and indeed the inflation models so far
described automatically generate negligible spatial curvature, so we can
set k = 0; the density parameters then must sum to one, and so one
can be eliminated. The neutrino energy density is often not taken as an
independent parameter. Provided the neutrino sector has the standard
interactions, the neutrino energy density, while relativistic, can be related
to the photon density using thermal physics arguments, and it is currently
difficult to see the effect of the neutrino mass, although observations of
large-scale structure have already placed interesting upper limits. This
reduces the standard parameter set to nine. In addition, there is no
observational evidence for the existence of tensor perturbations (though
the upper limits are quite weak), and so r could be set to zero. Presently
n is in a somewhat controversial position regarding whether it needs
to be varied in a fit, or can be set to the Harrison-Zel’dovich value
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Table 21.1:  The basic set of cosmological parameters. We give
values (with some additional rounding) as obtained using a fit of
a ACDM cosmology with a power-law initial spectrum to WMAP3
data alone [2]. Tensors are assumed zero except in quoting a limit
on them. We cannot stress too much that the exact values and
uncertainties depend on both the precise datasets used and the
choice of parameters allowed to vary, and the effects of varying
some assumptions will be shown later in Table 21.2. Limits on the
cosmological constant depend on whether the Universe is assumed
flat. The density perturbation amplitude is specified by the derived
parameter og. Uncertainties are one-sigma/68% confidence unless
otherwise stated.

Parameter Symbol Value

Hubble parameter h 0.73 £0.03

Total matter density Qm Qmh? = 0.128 + 0.008
Baryon density O k% =0.0223 4 0.0007
Cosmological constant Qa See Ref. 2
Radiation density O O h2 =247 x107°
Neutrino density Q, See 21.1.2
Density perturbation amplitude o8 0.76 = 0.05

Density perturbation spectral index n n = 0.958 £ 0.016
Tensor to scalar ratio r r < 0.65 (95% conf)
Tonization optical depth T 7 =0.089 £ 0.030
Bias parameter b See 21.3.4

n = 1. Parameter estimation [2] suggests n = 1 is ruled out at reasonable
significance, but Bayesian model selection techniques [9] suggest the data
is not conclusive. With n set to one, this leaves seven parameters, which is
the smallest set that can usefully be compared to the present cosmological
data set. This model (usually with n kept as a parameter) is referred to
by various names, including ACDM, the concordance cosmology, and the
standard cosmological model.

21.2. Extensions to the standard model

21.2.1. More general perturbations :

The standard cosmology assumes adiabatic, Gaussian perturbations.
Adiabaticity means that all types of material in the Universe share a
common perturbation, so that if the space-time is foliated by constant-
density hypersurfaces, then all fluids and fields are homogeneous on those
slices, with the perturbations completely described by the variation of
the spatial curvature of the slices. Gaussianity means that the initial
perturbations obey Gaussian statistics, with the amplitudes of waves of
different wavenumbers being randomly drawn from a Gaussian distribution
of width given by the power spectrum. Note that gravitational instability
generates non-Gaussianity; in this context, Gaussianity refers to a property
of the initial perturbations before they evolve significantly.

The simplest inflation models, based on one dynamical field, predict
adiabatic fluctuations and a level of non-Gaussianity which is too small
to be detected by any experiment so far conceived. For present data, the



204 21. The Cosmological Parameters

primordial spectra are usually assumed to be power laws.

21.2.1.2. Isocurvature perturbations:

An isocurvature perturbation is one which leaves the total density
unperturbed, while perturbing the relative amounts of different materials.
If the Universe contains N fluids, there is one growing adiabatic mode and
N — 1 growing isocurvature modes. These can be excited, for example,
in inflationary models where there are two or more fields which acquire
dynamically-important perturbations. If one field decays to form normal
matter, while the second survives to become the dark matter, this will
generate a cold dark matter isocurvature perturbation.

In general, there are also correlations between the different modes,
and so the full set of perturbations is described by a matrix giving the
spectra and their correlations. Constraining such a general construct is
challenging, though constraints on individual modes are beginning to
become meaningful, with no evidence that any other than the adiabatic
mode must be non-zero.

21.2.3. Dark energy :

While the standard cosmological model given above features a
cosmological constant, in order to explain observations indicating that
the Universe is presently accelerating, further possibilities exist under the
general heading dark energy. A particularly attractive possibility (usually
called quintessence, though that word is used with various different
meanings in the literature) is that a scalar field is responsible, with the
mechanism mimicking that of early Universe inflation [13]. As described
by Olive and Peacock, a fairly model-independent description of dark
energy can be given just using the equation of state parameter w, with
w = —1 corresponding to a cosmological constant. In general, the function
w could itself vary with redshift, though practical experiments devised
so far would be sensitive primarily to some average value weighted over
recent epochs. For high-precision predictions of microwave background
anisotropies, it is better to use a scalar-field description in order to have
a self-consistent evolution of the ‘sound speed’ associated with the dark
energy perturbations.

Present observations are consistent with a cosmological constant, but it
is quite common to see w kept as a free parameter to be added to the set
described in the previous section. Most, but not all, researchers assume
the weak energy condition w > —1. In the future, it may be necessary to
use a more sophisticated parametrization of the dark energy.

21.3. Probes

21.3.1. Direct measures of the Hubble constant : One of the most
reliable results on the Hubble constant comes from the Hubble Space

Telescope Key Project [15]. The group has used the empirical period—
luminosity relations for Cepheid variable stars to obtain distances to 31
galaxies, and calibrated a number of secondary distance indicators (Type
Ta Supernovae, Tully-Fisher, surface brightness fluctuations, and Type II
Supernovae) measured over distances of 400 to 600 Mpc. They estimated
Hg = 72 + 3 (statistical) & 7 (systematic) kms~! Mpc~!. ¥ The major

1 Unless stated otherwise, all quoted uncertainties in this article are one-
sigma/68% confidence. It is common for cosmological parameters to have
significantly non-Gaussian error distributions.
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sources of uncertainty in this result are due to the metallicity of the
Cepheids and the distance to the fiducial nearby galaxy (called the Large
Magellanic Cloud) relative to which all Cepheid distances are measured.

21.3.4.2. Limits on neutrino mass from galaxy surveys and other probes:
Large-scale structure data can put an upper limit on the ratio €, /Qy, due
to the neutrino ‘free streaming’ effect [31,32]. For example, by comparing
the 2dF galaxy power spectrum with a four-component model (baryons,
cold dark matter, a cosmological constant, and massive neutrinos), it was
estimated that Q,/Qm < 0.13 (95% confidence limit), giving Q, < 0.04 if
a concordance prior of Q = 0.3 is imposed. The latter corresponds to an
upper limit of about 2 eV on the total neutrino mass, assuming a prior
of h ~ 0.7 [33]. Potential systematic effects include biasing of the galaxy
distribution and non-linearities of the power spectrum. A similar upper
limit of 2 eV was derived from CMB anisotropies alone [2,34,35]. The
above analyses assume that the primordial power spectrum is adiabatic,
scale-invariant and Gaussian. Additional cosmological data sets bring
down this upper limit [36,37]. An upper limit on the total neutrino mass
of 0.17 eV was reported by combining a large number of cosmological
probes [38].

21.4. Bringing observations together

Although it contains two ingredients—dark matter and dark energy—
which have not yet been verified by laboratory experiments, the ACDM
model is almost universally accepted by cosmologists as the best description
of present data. The basic ingredients are given by the parameters listed
in Sec. 21.1.4, with approximate values of some of the key parameters
being Q, =~ 0.04, Qg =~ 0.20, 24 ~ 0.76, and a Hubble constant h ~ 0.73.
The spatial geometry is very close to flat (and often assumed to be
precisely flat), and the initial perturbations Gaussian, adiabatic, and
nearly scale-invariant.

The baryon density €, is now measured with quite high accuracy
from the CMB and large-scale structure, and is consistent with the
determination from big bang nucleosynthesis; Fields and Sarkar in this
volume quote the range 0.017 < Qbh2 < 0.024.

While Q2 is measured to be non-zero with very high confidence, there
is no evidence of evolution of the dark energy density. The WMAP team
find the limit w < —0.82 at 95% confidence from a compilation of data
including SNe Ia data, with the cosmological constant case w = —1 giving
an excellent fit to the data.

One parameter which is surprisingly robust is the age of the Universe.
There is a useful coincidence that for a flat Universe the position of
the first peak is strongly correlated with the age of the Universe. The
WMAP3 result is 13.7+ 0.2 Gyr (assuming a flat Universe). This is in
good agreement with the ages of the oldest globular clusters [50] and
radioactive dating [51].

For further details and all references, see the full Review of Particle
Physics.
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22. DARK MATTER

Revised September 2007 by M. Drees (Bonn University) and G. Gerbier
(Saclay, CEA).

22.1. Theory

22.1.1. Ewvidence for Dark Matter : The existence of Dark (i.e.,
non-luminous and non-absorbing) Matter (DM) is by now well established.
An important example is the measurement of galactic rotation curves. The
rotational velocity v of an object on a stable Keplerian orbit with radius
r around a galaxy scales like v(r) o \/M(r)/r, where M(r) is the mass
inside the orbit. If r lies outside the visible part of the galaxy and mass
tracks light, one would expect v(r) o< 1/4/7. Instead, in most galaxies one
finds that v becomes approximately constant out to the largest values of r
where the rotation curve can be measured. This implies the existence of
a dark halo, with mass density p(r) o< 1/r2, i.e., M(r) o r, and a lower
bound on the DM mass density, Qpy 2 0.1.

The observation of clusters of galaxies tends to give somewhat larger
values, Qpy =~ 0.2 to 0.3. These observations include measurements of
the peculiar velocities of galaxies in the cluster, which are a measure of
their potential energy if the cluster is virialized; measurements of the
x-ray temperature of hot gas in the cluster, which again correlates with
the gravitational potential felt by the gas; and—most directly—studies of
(weak) gravitational lensing of background galaxies on the cluster.

The currently most accurate, if somewhat indirect, determination of
Qpwm comes from global fits of cosmological parameters to a variety of
observations; see the Section on Cosmological Parameters for details. For
example, using measurements of the anisotropy of the cosmic microwave
background (CMB) and of the spatial distribution of galaxies, Ref. 2 finds
a density of cold, non—baryonic matter

Qnbmh? = 0.106 £ 0.008 | (22.1)

where h is the Hubble constant in units of 100 km/(s-Mpc). Some part of
the baryonic matter density [2],

Qph? = 0.022+0.001 , (22.2)

may well contribute to (baryonic) DM, e.g., MACHOs [3] or cold molecular
gas clouds [4].

The most recent estimates of lhe DM density in the “neighborhood” of
our solar system is 0.3 GeV cm™3.

22.1.2. Candidates for Dark Matter : Candidates for non-baryonic
DM in Eq. (22.1) must satisfy several conditions: they must be stable on
cosmological time scales (otherwise they would have decayed by now),
they must interact very weakly with electromagnetic radiation (otherwise
they wouldn’t qualify as dark matter), and they must have the right relic
density. Candidates include primordial black holes, axions, and weakly
interacting massive particles (WIMPs).

The existence of axions [8] was first postulated to solve the strong
CP problem of QCD; they also occur naturally in superstring theories.
They are pseudo Nambu-Goldstone bosons associated with the (mostly)
spontaneous breaking of a new global “Peccei-Quinn” (PQ) U(1) symmetry
at scale fg; see the Section on Axions in this Review for further details.
Although very light, axions would constitute cold DM, since they were
produced non-thermally. At temperatures well above the QCD phase
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transition, the axion is massless, and the axion field can take any value,
parameterized by the “misalignment angle” ;. At T < 1 GeV, the axion
develops a mass mg due to instanton effects. Unless the axion field
happens to find itself at the minimum of its potential (6; = 0), it will begin
to oscillate once m, becomes comparable to the Hubble parameter H.
These coherent oscillations transform the energy originally stored in the
axion field into physical axion quanta. The contribution of this mechanism
to the present axion relic density is [8]

12 1.175
Qah2 = kq (fa/lo Gev) 0,2 . (22.3)

where the numerical factor kg lies roughly between 0.5 and a few.

If 0; ~ O(1), Eq. (22.3) will saturate Eq. (22.1) for f, ~ 101 GeV,
comfortably above laboratory and astrophysical constraints [8]; this
would correspond to an axion mass around 0.1 meV. However, if the post-
inflationary reheat temperature T > fg, cosmic strings will form during
the PQ phase transition at 7' ~ f,. Their decay will give an additional
contribution to €, which is often bigger than that in Eq. (22.3) [9],
leading to a smaller preferred value of fg, i.e., larger mq. On the other
hand, values of f, near the Planck scale become possible if 6; is for some
reason very small.

Weakly interacting massive particles (WIMPs) y are particles with
mass roughly between 10 GeV and a few TeV, and with cross sections of
approximately weak strength. Their present relic density can be calculated
reliably if the WIMPs were in thermal and chemical equilibrium with
the hot “soup” of Standard Model (SM) particles after inflation. Their
present relic density is then approximately given by (ignoring logarithmic
corrections) [10]

T3 0dpb-c
M3 (o av) (o)

Qxh2 ~ const. (22.7)
Here Tj is the current CMB temperature, Mp; is the Planck mass, ¢ is the
speed of light, o4 is the total annihilation cross section of a pair of WIMPs
into SM particles, v is the relative velocity between the two WIMPs in
their cms system, and (.. .) denotes thermal averaging. Freeze out happens
at temperature T >~ m, /20 almost independently of the properties of the
WIMP. Notice that the 0.1 pb in Eq. (22.7) contains factors of Tp and
Mpy; it is, therefore, quite intriguing that it “happens” to come out near
the typical size of weak interaction cross sections.

The currently best motivated WIMP candidate is the lightest
superparticle (LSP) in supersymmetric models [11] with exact R-parity
(which guarantees the stability of the LSP). Detailed calculations [14]
show that the lightest neutralino will have the desired thermal relic density
Eq. (22.1) in at least four distinct regions of parameter space. x could be
(mostly) a bino or photino (the superpartner of the U(1)y gauge boson
and photon, respectively), if both x and some sleptons have mass below
~ 150 GeV, or if m, is close to the mass of some sfermion (so that its relic
density is reduced through co-annihilation with this sfermion), or if 2m,
is close to the mass of the CP-odd Higgs boson present in supersymmetric
models [15]. Finally, Eq. (22.1) can also be satisfied if x has a large
higgsino or wino component.
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22.2. Experimental detection of Dark Matter

22.2.2 Axzion searches: Axions can be detected by looking for

a — 7 conversion in a strong magnetic field [25]. Such a conversion
proceeds through the loop-induced avy+y coupling, whose strength ggy
is an important parameter of axion models. Currently two experiments
searching for axionic DM are taking data. They both employ high quality
cavities. The cavity “Q factor” enhances the conversion rate on resonance,
i.e., for Mec® = hwres. One then needs to scan the resonance frequency in
order to cover a significant range in mg or, equivalently, fq.

22.2.3. Basics of direct WIMP search : The WIMP mean velocity
inside our galaxy relative to its center is expected to be similar to that
of stars, i.e., a few hundred kilometers per second at the location of our
solar system. For these velocities, WIMPs interact with ordinary matter
through elastic scattering on nuclei. With expected WIMP masses in the
range 10 GeV to 10 TeV, typical nuclear recoil energies are of order of 1
to 100 keV.

Expected interaction rates depend on the product of the WIMP local
flux and the interaction cross section. The first term is fixed by the local
density of dark matter, taken as 0.3 GeV/cm3 (see above), the mean
WIMP velocity, typically 220 km/s, and the mass of the WIMP. The
expected interaction rate then mainly depends on two unknowns, the mass
and cross section of WIMP (with some uncertainty [5] due to the halo
model). This is why the experimental observable, which is basically the
scattering rate as a function of energy, is usually expressed as a contour in
the WIMP mass—cross section plane.

The cross section depends on the nature of the couplings. For non-
relativistic WIMPs one in general has to distinguish spin-independent
and spin—dependent couplings. The former can involve scalar and vector
WIMP and nucleon currents (vector currents are absent for Majorana
WIMPs, e.g. the neutralino), while the latter involve axial vector currents
(and obviously only exist if x carries spin). Due to coherence effects the
spin—independent cross section scales approximately as the square of the
mass of the nucleus, so higher mass nuclei, from Ge to Xe, are preferred
for this search. For spin-dependent coupling, the cross section depends on
the nuclear spin factor; useful target nuclei include °F and 1271.

Cross sections calculated in MSSM models induce rates of at most
1 evt day~! kg=! of detector, much lower than the usual radioactive
backgrounds. This indicates the need for underground laboratories to
protect against cosmic ray induced backgrounds, and for the selection of
extremely radio-pure materials.

The typical shape of exclusion contours can be anticipated from this
discussion: at low WIMP mass, the sensitivity drops because of the
detector energy threshold, whereas at high masses, the sensitivity also
decreases because, for a fixed mass density, the WIMP flux decreases
o 1/my. The sensitivity is best for WIMP masses near the mass of the
recoiling nucleus.

Further discussion and all references may be found in the full Review.
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23. COSMIC MICROWAVE BACKGROUND

Revised August 2007 by D. Scott (University of British Columbia) and
G.F. Smoot (UCB/LBNL).

23.2. Description of CMB Anisotropies

Observations show that the CMB contains anisotropies at the 10~°
level, over a wide range of angular scales. These anisotropies are usually
expressed by using a spherical harmonic expansion of the CMB sky:

T(0,0) =Y apmYem(6, ).
Im

The vast majority of the cosmological information is contained in the
temperature 2-point function, i.e., the variance as a function of separation
6. Equivalently, the power per unit Infis £} \a[m|2 /Ax.

23.2.1. The Monopole :

The CMB has a mean temperature of T, = 2.725 £ 0.001K (1o) [6],
which can be considered as the monopole component of CMB maps,
apo- Since all mapping experiments involve difference measurements,
they are insensitive to this average level. Monopole measurements
can only be made with absolute temperature devices, such as the
FIRAS instrument on the COBE satellite [6]. Such measurements
of the spectrum are consistent with a blackbody distribution over
more than three decades in frequency. A blackbody of the measured
temperature corresponds to ny = (2((3)/71'2)T,§ ~ 411cm™3 and

py = (72 /15) T ~ 4.64 x 1073 gem™3 ~ 0.260 eV cm 3.

23.2.2. The Dipole :

The largest anisotropy is in the £ = 1 (dipole) first spherical harmonic,
with amplitude 3.358 £ 0.017mK [7]. The dipole is interpreted to be the
result of the Doppler shift caused by the solar system motion relative to
the nearly isotropic blackbody field, as confirmed by measurements of the
radial velocities of local galaxies [8].

The dipole is a frame-dependent quantity, and one can thus determine
the ‘absolute rest frame’ as that in which the CMB dipole would be zero.

23.2.3. Higher-Order Multipoles :

The variations in the CMB temperature maps at higher multipoles
(¢ > 2) are interpreted as being mostly the result of perturbations in the
density of the early Universe, manifesting themselves at the epoch of the
last scattering of the CMB photons. In the hot Big Bang picture, the
expansion of the Universe cools the plasma so that by a redshift z ~ 1100
(with little dependence on the details of the model), the hydrogen and
helium nuclei can bind electrons into neutral atoms, a process usually
referred to as recombination [11]. Before this epoch, the CMB photons
are tightly coupled to the baryons, while afterwards they can freely stream
towards us.

Theoretical models generally predict that the ay,, modes are Gaussian
random fields to high precision, e.g., standard slow-roll inflation’s non-
Gaussian contribution is expected to be one or two orders of magnitude
below current observational limits [12]. Although non-Gaussianity of
various forms is possible in early Universe models, tests show that
Gaussianity is an extremely good simplifying approximation [14,15], with
only some relatively weak indications of non-Gaussianity or statistical
anisotropy at large scales. Such signatures found in existing WMAP
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data are generally considered to be subtle foreground or instrumental
artefacts [13,16].

With the assumption of Gaussian statistics, and if there is no preferred
axis, then it is the variance of the temperature field which carries the
cosmological information, rather than the values of the individual ag,,s; in
other words the power spectrum in ¢ fully characterizes the anisotropies.
The power at each ¢ is (2¢ + 1)Cy/(47), where Cp = (Jagy|?), and a
statistically isotropic sky means that all ms are equivalent. Thus averages
over m can be used as estimators of the Cys to constrain their expectation
values, which are the quantities predicted by a theoretical model. For an
idealized full-sky observation, the variance of each measured Cy (i.e., the
variance of the variance) is [2/(2¢ + 1)}0?. This sampling uncertainty
(known as ‘cosmic variance’) comes about because each Cy is x? distributed
with (2¢+ 1) degrees of freedom for our observable volume of the Universe.
For fractional sky coverage, fgy, this variance is increased by 1 / Jsky and
the modes become partially correlated.

It is important to understand that theories predict the expectation
value of the power spectrum, whereas our sky is a single realization.
Hence the cosmic variance is an unavoidable source of uncertainty when
constraining models; it dominates the scatter at lower ¢s, while the effects
of instrumental noise and resolution dominate at higher ¢s [17].

23.2.4. Angular Resolution and Binning :

There is no one-to-one conversion between multipole ¢ and the angle
subtended by a particular spatial scale projected onto the sky. However,
a single spherical harmonic Yp,, corresponds to angular variations of
0 ~ m/¢. CMB maps contain anisotropy information from the size of the
map (or in practice some fraction of that size) down to the beam-size of
the instrument, o. One can think of the effect of a Gaussian beam as

rolling off the power spectrum with the function e lt+1)o?,

23.5. Current Anisotropy Data

There has been a steady improvement in the quality of CMB data
that has led to the development of the present-day cosmological model.
Probably the most robust constraints currently available come from the
combination of the WMAP three year data [15] with smaller scale results
from the ACBAR [31], BOOMERANG [32], CBI [33], QUAD [34] and
VSA [35] experiments (together with constraints from other cosmological
data-sets). We plot power spectrum estimates from these six experiments
in Fig. 23.2. Other recent experiments, such as ARCHEOPS [36],
DASI [37] and MAXIMA [38] also give powerful constraints, which are
quite consistent with what we describe below.

23.6. CMB Polarization

Since Thomson scattering of an anisotropic radiation field also generates
linear polarization, the CMB is predicted to be polarized at the roughly 5%
level [40]. Polarization is a spin-2 field on the sky, and the algebra of the
modes in f-space is strongly analogous to spin-orbit coupling in quantum
mechanics [41]. The linear polarization pattern can be decomposed in a
number of ways, with two quantities required for each pixel in a map, often
given as the @ and U Stokes parameters. However, the most intuitive
and physical decomposition is a geometrical one, splitting the polarization
pattern into a part that comes from a divergence (often referred to as
the ‘E-mode’) and a part with a curl (called the ‘B-mode’) [42]. More
explicitly, the modes are defined in terms of second derivatives of the
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Figure 23.2: Band-power estimates from the WMAP,
BOOMERANG, VSA, QUAD, CBI, and ACBAR experiments.

polarization amplitude, with the Hessian for the E-modes having principle
axes in the same sense as the polarization, while the B-mode pattern can
be thought of simply as a 45° rotation of the E-mode pattern. Globally
one sees that the E-modes have (—1)¢ parity (like the spherical harmonics),
while the B-modes have (—1)¢+1 parity.

Since inflationary scalar perturbations give only E-modes, while
tensors generate roughly equal amounts of E- and B-modes, then the
determination of a non-zero B-mode signal is a way to measure the
gravity wave contribution (and thus potentially derive the energy scale of
inflation), even if it is rather weak. However, one must first eliminate the
foreground contributions and other systematic effects down to very low
levels.

23.8. Constraints on Cosmologies

The 3-year WMAP data alone, together with weak priors (on h and
Qph? for example), and within the context of a 6 parameter family of
models (which fixes Qiot = 1 and r = 0), yield the following results [15]:
A =235+0.13, n = 0.958 £0.016, h = 0.731+0.03, QBh2 = 0.0223+£0.0007,
Ovh? = 0.128 +£0.008 and 7 = 0.09 +0.03. Note that for &, the CMB data
alone provide only a very weak constraint, unless spatial flatness or some
other cosmological data are used. For QBhQ, the precise value depends
sensitively on how much freedom is allowed in the shape of the primordial
power spectrum.

For Qtot, perhaps the best WMAP constraint is 1.011 + 0.012. The
95% confidence upper limit on r is 0.65 using WMAP alone, tightening
to 7 < 0.30 with the addition of the Sloan Digital Sky Survey data for
example [61]. This limit depends on how the slope n is restricted and
whether dn/dInk # 0 is allowed.

Further discussion and all references may be found in the full Review of
Particle Physics.
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24. COSMIC RAYS

Written August 2008 by D.E. Groom (LBNL).

At ~10 GeV/nucleon the primary cosmic rays are mostly protons (79%)
and alpha particles (15% of the cosmic ray nucleons). The abundance
ratios of heavier nuclei follow the solar abundance ratios. The exception
is the Li-Be-B group, which is overabundant by a large factor relative to
solar abundance, probably due to the spallation of heavier nuclei in the
interstellar medium. The intensity from a few GeV to beyond 100 TeV is
proportional to E~27. The spectrum is evidently truncated at a few times
1019 eV by inelastic collisions with the CMB (GZK mechanism).

The primary cosmic rays initiate hadronic cascades in the atmosphere,
whose thickness is 11.5 Aj or 28 Xg. Most of the energy is converted to
gamma rays via 70 — v and deposited by ionization in EM showers; few
hadrons reach the ground. For charged pions, at > uE + v competes with
further nuclear interaction. The muon energy spectrum at the surface
is almost flat below 1 GeV, gradually steepens to reflect the primary
spectrum in the 10-100 GeV range, and steepens further at higher energies
because pions with Er 2 100GeV tend to interact before they decay.
Above ~ 10 TeV, and below ~ 100 TeV, when prompt muon production
becomes important, the energy spectrum of atmospheric muons is one
power steeper than the primary spectrum.

The average muon flux at the surface goes as cos? 0, characteristic
of ~3 GeV muons. The rate in a thin horizontal detector is roughly
1 em™2min~!; it is half this in a vertical detector.

The vertical muon flux for > 1GeV goes through a broad maximum
at an atmospheric depth ha~170g cm™2, but for A 2 300 g cm™2 it
can be fairly well represented by I/Igusace = exp[(h — 1033 gem™2)/
(630g ecm~2)]. Calculators to convert h to altitude in a ”standard
atmosphere” can be found on the web. At the summit of Mauna Kea
(4205 m = 600g cm™2) the vertical flux is about twice that at sea level.

The vertical p + n flux at sea level is about 2% of the muon flux, but
scales with depth as exp(—h/Ay). The pion flux is 50 times smaller. The
et /e™ flux for E>1GeV averages about 0.004 of the muon flux, but these
EM shower remnants are much more abundant at lower energies.

The energy loss rate for muons is usually written as a(F) + b(E)E,
where a(E) (ionization) and b(FE) (radiative loss rate/E) are slowly-
varying functions of E. Ionization and radiative loss rates are equal at
the muon critical energy Ejc, which is typically several hundred GeV.
If a(Euc) and b(Eyc) are assumed constant, then the range is given by
In(14 E/Eyc). (Straggling is extremely important, but it is also neglected
here.) Furthermore, since the differential muon flux at very high energies
is proportional to E~¢ (one power steeper than the primary spectrum),
the total vertical flux at depth X is proportional to (eX — 1)=@+L,
This function, with b = 4.0 x 107%cm?g~! and « = 3.6, normalized
to 0.013m™2s lsr~! at X = 1km.w.e. (km water equivalent), gives a
reasonable fit to the depth-intensity data shown in Fig. 24.5 of the full
Review. The flux at depths 2 10-20 km.w.e., entirely due to neutrino
interactions, is about 2 x 1079 m—2s— 1gr— 1.

For details and references, see the full Review.
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25. ACCELERATOR PHYSICS OF COLLIDERS

Revised August 2005 by K. Desler and D. A. Edwards (DESY).
25.2. Luminosity

The event rate R in a collider is proportional to the interaction cross
section oy, and the factor of proportionality is called the luminosity:
R= Loy - (25.1)
If two bunches containing n; and ng particles collide with frequency f, the
luminosity is
ning

= (25.2)
dmoyoy

where o, and oy characterize the Gaussian transverse beam profiles in the
horizontal (bend) and vertical directions and to simplify the expression
it is assumed that the bunches are identical in transverse profile, that
the profiles are independent of position along the bunch, and the particle
distributions are not altered during collision. Whatever the distribution
at the source, by the time the beam reaches high energy, the normal form
is a good approximation thanks to the central limit theorem of probability
and the diminished importance of space charge effects.

The beam size can be expressed in terms of two quantities, one termed
the transverse emittance, €, and the other, the amplitude function, 5. The
transverse emittance is a beam quality concept reflecting the process of
bunch preparation, extending all the way back to the source for hadrons
and, in the case of electrons, mostly dependent on synchrotron radiation.
The amplitude function is a beam optics quantity and is determined by
the accelerator magnet configuration. When expressed in terms of ¢ and
[ the transverse emittance becomes 5

e=mo/B . (25.3)
Of particular significance is the value of the amplitude function at the
interaction point, 3*. Clearly one wants 8* to be as small as possible; how
small depends on the capability of the hardware to make a near-focus at
the interaction point.

Eq. (25.2) can now be recast in terms of emittances and amplitude
functions as ning (25.4)

Y=
fél«/e,lc Bz €y B;;

Thus, to achieve high luminosity, all one has to do is make high population
bunches of low emittance to collide at high frequency at locations where
the beam optics provides as low values of the amplitude functions as
possible.

Further discussion and references may be found in the full Review of
Particle Physics.
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27. PASSAGE OF PARTICLES THROUGH MATTER

Revised April 2008 by H. Bichsel (University of Washington), D.E. Groom
(LBNL), and S.R. Klein (LBNL).

27.1. Notation

Table 27.1: Summary of variables used in this section. The
kinematic variables 5 and 7 have their usual meanings.

Symbol Definition Units or Value
a  Fine structure constant 1/137.035999 11(46)
(€2 /4meghc)
M Incident particle mass MeV/c?
E  Incident part. energy yMc? MeV
T  Kinetic energy MeV
mec?  Electron mass x ¢ 0.510998 918(44) MeV
re  Classical electron radius 2.817940325(28) fm
€2 /Amegmec?
N4 Avogadro’s number 6.0221415(10) x 1023 mol~!

ze  Charge of incident particle
Z  Atomic number of absorber

A Atomic mass of absorber g mol—1
KJ/A 4nNgrimec?/A 0.307075 MeV g~ ! cm?
for A =1g mol™!
I Mean excitation energy eV (Nota bene!)
0(By) Density effect correction to ionization energy loss
Twyp  Plasma energy 28.816+/p(Z/A) eV(®)
(\/ATNer3 mec? [ a)
N. Electron density (units of re)_3

w;  Weight fraction of the jth element in a compound or mixture

nj o< number of jth kind of atoms in a compound or mixture

—  4ar2Ny/A (716.408 g cm~2)~1 for A =1 g mol~!
Xo Radiation length g cm 2

E. Critical energy for electrons MeV

Eyc Critical energy for muons GeV

Es  Scale energy +/4m/a mec? 21.2052 MeV

Rys  Moliere radius g cm ™2

(@ For p in g cm™3.

27.2. Electronic energy loss by heavy particles [1-22, 24-30, 82]

Moderately relativistic charged particles other than electrons lose energy
in matter primarily by ionization and atomic excitation. The mean rate of
energy loss (or stopping power) is given by the Bethe-Bloch equation,

dE K QZL 1. 2mec? 8292 Tmax o2 o(By)
2

—In 16}
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Here Thax is the maximum kinetic energy which can be imparted to a
free electron in a single collision, and the other variables are defined in
Table 27.1. With K as defined in Table 27.1 and A in g mol~!, the units
are MeV g_lch‘

In this form, the Bethe-Bloch equation describes the energy loss of
pions in a material such as copper to about 1% accuracy for energies
between about 6 MeV and 6 GeV (momenta between about 40 MeV /¢ and
6 GeV/c). At lower energies various corrections discussed in Sec. 27.2.1
must be made. At higher energies, radiative effects begin to be important.
These limits of validity depend on both the effective atomic number of the
absorber and the mass of the slowing particle.

The function as computed for muons on copper is shown by the solid
curve in Fig. 27.1, and for pions on other materials in Fig. 27.3. A minor
dependence on M at the highest energies is introduced through Tinax,
but for all practical purposes in high-energy physics dE/dx in a given
material is a function only of 3. Except in hydrogen, particles of the same
velocity have similar rates of energy loss in different materials; there is a
slow decrease in the rate of energy loss with increasing Z. The qualitative
difference in stopping power behavior at high energies between a gas (He)
and the other materials shown in Fig. 27.3 is due to the density-effect
correction, §(37v), discussed below. The stopping power functions are
characterized by broad minima whose position drops from (v = 3.5 to 3.0
as Z goes from 7 to 100. The values of minimum ionization as a function
of atomic number are shown in Fig. 27.2.

Eq. (27.1) may be integrated to find the total (or partial) “continuous
slowing-down approximation” (CSDA) range R for a particle which
loses energy only through ionization and atomic excitation. Since dE/dx
depends only on 8, R/M is a function of E/M or pc/M. In practice,
range is a useful concept only for low-energy hadrons (R < Ay, where A\f

=
o — — —
£100 - i o :
; L/ Bethe-Bloch Radiative ]
2 F/ Anderson- ]
=S Ziegler B
= =S
5k 1
5] T5 Epc a
2105 » . ; iati =
o F3 Radiative /7 Radiative El
3 Minimum effects 4~ losses q
S ionization reach 1% g - -4
2 [Nuclear ]
«n | losses N\ | _|_---==T -

1 ¢ | I :

0.001 0.01 0.1 1 10 100 1000 104 10% 108

By
[ | | | | | | | | J
0.1 1 10 100 | 1 10 100 | 1 10 100 |
[MeV/c] [GeVic] [TeVic]

Muon momentum

Fig. 27.1: Stopping power (= (—dE/dzx)) for positive muons in copper
as a function of 8y = p/Mc over nine orders of magnitude in momentum
(12 orders of magnitude in kinetic energy). Solid curves indicate the
total stopping power. Data below the break at §y = 0.1 are taken from
ICRU 49 [2], and data at higher energies are from Ref. 1. Vertical bands
indicate boundaries between different approximations discussed in the text.
The short dotted lines labeled “u™ 7 illustrate the “Barkas effect,” the
dependence of stopping power on projectile charge at very low energies [3].
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Figure 27.2: Stopping power at rginimum ionization for the
chemical elements. The straight line is fitted for Z > 6. A simple
functional dependence on Z is not to be expected, since (—dE/dx)
also depends on other variables.
is the nuclear interaction length), and for muons below a few hundred
GeV (above which radiative effects dominate). R/M as a function of
By = p/Mc is shown for a variety of materials in Fig. 27.4.

The mass scaling of dE/dx and range is valid for the electronic losses
described by the Bethe-Bloch equation, but not for radiative losses,
relevant only for muons and pions.

For a particle with mass M and momentum M Gvye¢, Tmax is given by

o 2mec? 5242
BT 4 2yme/M + (me/M)2

(27.2)

In older references [4,5] the “low-energy” approximation Tmax =
2mec? 3242, valid for 2yme /M < 1, is often implicit. For a pion in copper,
the error thus introduced into dE/dx is greater than 6% at 100 GeV.
Structure function corrections to Eq. (27.2) have been considered in the
case of incident pions by J.D. Jackson [6], with the conculsion that the
effects are negligible below energies in which radiative effects dominate
(see Sec. 27.6).

Estimates of the mean excitation energy based on experimental
stopping-power measurements for protons, deuterons, and alpha particles
are given in ICRU 37 [8].

27.2.2. Density effect : As the particle energy increases, its electric
field flattens and extends, so that the distant-collision contribution to
Eq. (27.1) increases as Iny. However, real media become polarized,
limiting the field extension and effectively truncating this part of the
logarithmic rise [4-5,16-18]. At very high energies,

0/2 — In(fwp/I)+1In By —1/2, (27.4)
where §(087)/2 is the density effect correction introduced in Eq. (27.1)
and Awp is the plasma energy defined in Table 27.1. A comparison with
Eq. (27.1) shows that |dE/dz| then grows as In 3y rather than In 322,
and that the mean excitation energy I is replaced by the plasma energy
Tuwp. Since the plasma frequency scales as the square root of the electron
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Figure 27.3: Mean energy loss rate in liquid (bubble chamber)
hydrogen, gaseous helium, carbon, aluminum, iron, tin, and lead.
Radiative effects, relevant for muons and pions, are not included.
These become significant for muons in iron for vy 2 1000, and at
lower momenta in higher-Z absorbers. See Fig. 27.19.

density, the correction is much larger for a liquid or solid than for a gas,
as is illustrated by the examples in Fig. 27.3.

The remaining relativistic rise comes from the 3242 growth of Thax,
which in turn is due to (rare) large energy transfers to a few electrons.
When these events are excluded, the energy deposit in an absorbing layer
approaches a constant value, the Fermi plateau (see Sec. 27.2.4 below). At
extreme energies (e.g., > 332 GeV for muons in iron, and at a considerably
higher energy for protons in iron), radiative effects are more important
than ionization losses. These are especially relevant for high-energy muons,
as discussed in Sec. 27.6.

27.2.3. Energetic knock-on electrons (8 rays) : The distribution of
secondary electrons with kinetic energies T'>> [ is [4]

2N 1 ,Z 1 F(T)

a2 A E e (275)
for I <« T < Tmax, where Tinax is given by Eq. (27.2). Here § is the
velocity of the primary particle. The factor F' is spin-dependent, but is
about unity for 7 < Tiax. For spin-0 particles F(T) = (1 — 82T/ Tiax);
forms for spins 1/2 and 1 are also given by Rossi [4]. For incident
electrons, the indistinguishability of projectile and target means that the
range of T' extends only to half the kinetic energy of the incident particle.
Additional formulae are given in Ref. 19. Equation (27.5) is inaccurate for
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Figure 27.4: Range of heavy charged particles in liquid (bubble
chamber) hydrogen, helium gas, carbon, iron, and lead. For example:
For a K+ whose momentum is 700 MeV/c, 3y = 1.42. For lead we
read R/M =~ 396, and so the range is 195 g em™2.

T close to I.

§ rays of even modest energy are rare. For =~ 1 particle, for example,
on average only one collision with T, > 1 keV will occur along a path
length of 90 cm of Ar gas [25].

A § ray with kinetic energy T, and corresponding momentum pe is
produced at an angle 6 given by

cosf = (Tc/Pa)(pmax/Tmax) ) (27~6)
where pmax is the momentum of an electron with the maximum possible
energy transfer Tinax.

27.2.4. Restricted energy loss rates for relativistic ionizing par-
ticles : Further insight can be obtained by examining the mean energy
deposit by an ionizing particle when energy transfers are restricted to

T < Teut < Thmax- The restricted energy loss rate is

LAB|pZ 11 2me S T
dz |p o, | AR |2 2

/32 Tcut 0
-5 1+Tma.x -5l (27.7)
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This form approaches the normal Bethe-Bloch function (Eq. (27.1)) as
Teut — Tmax- It can be verified that the difference between Eq. (27.1) and
Eq. (27.7) is equal to f Tm"lx T(d?>N/dTdz)dT, where d>N/dTdz is given
by Eq. (27.5).

Since Teyt replaces Thax in the argument of the logarithmic term of
Eq. (27.1), the B term producing the relativistic rise in the close-collision
part of dE/dx is replaced by a constant, and |dE/dx|r<T,,, approaches
the constant “Fermi plateau.” (The density effect correction  eliminates
the explicit 4y dependence produced by the distant-collision contribution.)
This behavior is illustrated in Fig. 27.6, where restricted loss rates for
two examples of Tyt are shown in comparison with the full Bethe-Bloch
dE/dx and the Landau-Vavilov most probable energy loss (to be discussed
in Sec. 27.2.5 below).

27.2.5. Fluctuations in energy loss: For detectors of moderate

thickness x (e.g. scintillators or LAr cells),* the energy loss probability
distribution f(A;By,z) is adequately described by the highly-skewed
Landau (or Landau-Vavilov) distribution [22,23]. The most probable

energy loss is [24]
Ap=¢ {m chf + ln§ +i-p2- 5(/37)} , (27.8)

where & = (K/2)(Z/A)(x/8%) MeV for a detector with a thickness z in
g em™2, and j = 0.200 [24]. T While dE/dz is independent of thickness,
Ap/x scales as alnz +b. The density correction 6(37) was not included
in Landau’s or Vavilov’s work, but it was later included by Bichsel [24].
The high-energy behavior of §(87y) (Eq. (27.4)), is such that
. {n 2mc2¢ . }
P 3y2100 (hwp)? !
Thus the Landau-Vavilov most probable energy loss, like the restricted
energy loss, reaches a Fermi plateau. The Bethe-Bloch dE/dx and
Landau-Vavilov-Bichsel Ay /2 in silicon are shown as a function of muon
energy in Fig. 27.6. The case x/p = 1600 um was chosen since it has
about the same stopping power as does 3 mm of plastic scintillator.
Folding in experimental resolution displaces the peak of the distribution,
usually toward a higher value.

252 2

A

(27.9)

The mean of the energy-loss given by the Bethe-Bloch equation,
Eq. (27.1), is ill-defined experimentally and is not useful for describing
energy loss by single particles. (It finds its application in dosimetry, where
only bulk deposit is of relevance.) It rises as In 3y because Tmax increases
as 3242. The large single-collision energy transfers that increasingly extend
the long tail are rare, making the mean of an experimental distribution
consisting of a few hundred events subject to large fluctuations and
sensitive to cuts as well as to background. The most probable energy loss
should be used.

For very thick absorbers the distribution is less skewed but never
approaches a Gaussian. In the case of Si illustrated in Fig. 27.6, the most
probable energy loss per unit thickness for z ~ 35 g cm™2 is very close to
the restricted energy loss with Teut = 2 dE/dx|miy-

* G < 0.05-0.1, where G is given by Rossi [Ref. 4, Eq. 2.7.10]. It is
Vavilov’s k [23].

t Rossi [4], Talman [26], and others give somewhat different values for
j. The most probable loss is not sensitive to its value.
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Figure 27.6: Bethe-Bloch dE/dz, two examples of restricted energy
loss, and the Landau most probable energy per unit thickness in
silicon. The change of Ap/z with thickness x illustrates its alna + b
dependence. Minimum ionization (dE/dz|mi,) is 1.664 MeV g~ ! cm?2.
Radiative losses are excluded. The incident particles are muons.

The Landau distribution fails to describe energy loss in thin absorbers
such as gas TPC cells [25] and Si detectors [24], as shown clearly in Fig. 1
of Ref. 25 for an argon-filled TPC cell. Also see Talman [26]. While
Ap/xz may be calculated adequately with Eq. (27.8), the distributions
are significantly wider than the Landau width w = 4¢ [Ref. 24, Fig. 15].
Examples for thin silicon detectors are shown in Fig. 27.7.

27.2.6. Energy loss in mixtures and compounds : A mixture or
compound can be thought of as made up of thin layers of pure elements
in the right proportion (Bragg additivity). In this case,

dE dE
e ZU)j i ;

where dE/dz|; is the mean rate of energy loss (in MeV g cm™2) in the jth
element. Eq. (27.1) can be inserted into Eq. (27.10) to find expressions for
(Z/A), (I), and (6); for example, (Z/A) =Y w; Z;[A; =Y n;Z;/ Y njA
However, (I) as defined this way is an underestimate, because in a com-
pound electrons are more tightly bound than in the free elements, and (J)
as calculated this way has little relevance, because it is the electron density
that matters. If possible, one uses the tables given in Refs. 18 and 27, or
the recipes given in Ref. 20 (repeated in Ref. 1), which include effective
excitation energies and interpolation coefficients for calculating the density
effect correction.

; (27.10)

27.3. Multiple scattering through small angles

A charged particle traversing a medium is deflected by many small-angle
scatters. Most of this deflection is due to Coulomb scattering from nuclei,
and hence the effect is called multiple Coulomb scattering. (However, for
hadronic projectiles, the strong interactions also contribute to multiple
scattering.) The Coulomb scattering distribution is well represented by the
theory of Moliere [31]. It is roughly Gaussian for small deflection angles,
but at larger angles (greater than a few 6y, defined below) it behaves like
Rutherford scattering, with larger tails than does a Gaussian distribution.
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If we define 1
bo = elr;lleltsne = ﬁ etgg;sce : (27'11)
then it is sufficient for many applications to use a Gaussian approximation
for the central 98% of the projected angular distribution, with a width
given by [32,33]
13.6 MeV
By = TC 2 z/Xo [1 +0.038 ln(x/XO)] . (27.12)
cp

Here p, Bc, and z are the momentum, velocity, and charge number of the
incident particle, and z/X( is the thickness of the scattering medium in
radiation lengths (defined below). This value of 6 is from a fit to Moliere
distribution [31] for singly charged particles with 3 =1 for all Z, and is
accurate to 11% or better for 1073 < 2/ Xy < 100.
27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons predominantly lose
energy in matter by bremsstrahlung, and high-energy photons by ete™
pair production. The characteristic amount of matter traversed for these
related interactions is called the radiation length X, usually measured in
g cm™2. Tt is both (a) the mean distance over which a high-energy electron
loses all but 1/e of its energy by bremsstrahlung, and (b) % of the mean
free path for pair production by a high-energy photon [35]. It is also
the appropriate scale length for describing high-energy electromagnetic
cascades. X0 has been calculated and tabulated by Y.S. Tsai [36]:
1 N

%= 4a7'27A{Z2 [Lead — £(2)] + ZL’md} ‘ (27.20)
For A=1gmol™!, dar?Ny/A = (716.408 g cm™2)~1. Lq and L/, are
given in Table 27.2. The function f(Z) is an infinite sum, but for elements
up to uranium can be represented to 4-place accuracy by

£(Z) = a®[(1 +a?)~! +0.20206
—0.0369 a* + 0.0083 a* — 0.002a"] , (27.21)
where a = aZ [37].

Table 27.2: Tsai’s L,;,q and L’rad7 for use in calculating the

radiation length in an element using Eq. (27.20).

Element Z Lyaq L4
H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71

5.92
Others >4  In(184.15Z71/3) In(1194 z~2/3)

Dahl provides a compact fit to the data [38]:

716.4gcm™2 A
Z(Z+1)In(287/VZ)
Results using this formula agree with Tsai’s values to better than 2.5% for
all elements except helium, where the result is about 5% low.

0= (27.22)
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27.4.2. Energy loss by electrons : At low energies electrons and
positrons primarily lose energy by ionization, although other processes
(Mgller scattering, Bhabha scattering, e™ annihilation) contribute, as
shown in Fig. 27.9. While ionization loss rates rise logarithmically with
energy, bremsstrahlung losses rise nearly linearly (fractional loss is nearly
independent of energy), and dominates above a few tens of MeV in most
materials

Tonization loss by electrons and positrons differs from loss by heavy
particles because of the kinematics, spin, and the identity of the incident
electron with the electrons which it ionizes. Complete discussions and
tables can be found in Refs. 7, 8, and 27.

At very high energies and except at the high-energy tip of the
bremsstrahlung spectrum, the cross section can be approximated in the
“complete screening case” as [36]

do/dk = (1/k)4arz {(5 — 5y + y)[Z%(Laa — f(2)) + Z L],4]

+5(1—u)(2°+ 2)}
where y = k/E is the fraction of the electron’s energy transfered to the
radiated photon. At small y (the “infrared limit”) the term on the second
line ranges from 1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored
and the first line simplified with the definition of X given in Eq. (27.20),
we have
do A

dk ~ XoNak (

(27.24)

ol

-3+ . (27.25)

This formula is accurate except in near y = 1, where screening may
become incomplete, and near y = 0, where the infrared divergence
is removed by the interference of bremsstrahlung amplitudes from
nearby scattering centers (the LPM effect) [39,40] and dielectric
suppression [41,42]. These and other suppression effects in bulk media
are discussed in Sec. 27.4.5.

Except at these extremes, and still in the complete-screening
approximation, the number of photons with energies between ki, and
kmax emitted by an electron travelling a distance d < X is

d 4 kmax 4(kmax - kmin) kr2nax B k2 i
N’Y = X_O |:§ In ( > — 3E + 2E2 nin : (2726)

kmin

27.4.3. Critical energy : An electron loses energy by bremsstrahlung
at a rate nearly proportional to its energy, while the ionization loss rate
varies only logarithmically with the electron energy. The critical energy
FE. is sometimes defined as the energy at which the two loss rates are
equal [44]. Among alternate definitions is that of Rossi [4], who defines
the critical energy as the energy at which the ionization loss per radiation
length is equal to the electron energy. Equivalently, it is the same as the
first definition with the approximation |dE/dx|prems =~ E/Xo. This form
has been found to describe transverse electromagnetic shower development
more accurately (see below).

The accuracy of approximate forms for E. has been limited by the
failure to distinguish between gases and solid or liquids, where there is
a substantial difference in ionization at the relevant energy because of
the density effect. Separate fits to F.(Z), using the Rossi definition, have
been made with functions of the form a/(Z + b)®, but « was found to be
essentially unity. Since E. also depends on A, I, and other factors, such
forms are at best approximate.
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27.4.4. FEnergy loss by photons : Contributions to the photon cross
section in a light element (carbon) and a heavy element (lead) are
shown in Fig. 27.13. At low energies it is seen that the photoelectric
effect dominates, although Compton scattering, Rayleigh scattering, and
photonuclear absorption also contribute. The photoelectric cross section
is characterized by discontinuities (absorption edges) as thresholds for
photoionization of various atomic levels are reached. Photon attenuation
lengths for a variety of elements are shown in Fig. 27.15, and data for
30 eV< k <100 GeV for all elements is available from the web pages given
in the caption. Here k is the photon energy.

The increasing domination of pair production as the energy increases is
shown in Fig. 27.14 of the full Review. Using approximations similar to
those used to obtain Eq. (27.25), Tsai’s formula for the differential cross
section [36] reduces to

o __A [1-42(1-2)] (27.27)

dx n X()N A 3 ’
in the complete-screening limit valid at high energies. Here x = E/k is the
fractional energy transfer to the pair-produced electron (or positron), and
k is the incident photon energy. The cross section is very closely related to
that for bremsstrahlung, since the Feynman diagrams are variants of one
another. The cross section is of necessity symmetric between = and 1 — z,
as can be seen by the solid curve in Eq. (27.27) may be integrated to find
the high-energy limit for the total ete™ pair-production cross section:

o=5(A/XoNy) . (27.28)
Equation Eq. (27.28) is accurate to within a few percent down to energies
as low as 1 GeV, particularly for high-Z materials.

27.4.5. Bremsstrahlung and pair production at very high
energies : At ultrahigh energies, Eqns. 27.24-27.28 will fail because
of quantum mechanical interference between amplitudes from different
scattering centers. Since the longitudinal momentum transfer to a given
center is small (x k/E(E — k), in the case of bremsstrahlung), the
interaction is spread over a comparatively long distance called the
formation length (x E(E — k)/k) via the uncertainty principle. In
alternate language, the formation length is the distance over which the
highly relativistic electron and the photon “split apart.” The interference
is usually destructive. Calculations of the “Landau-Pomeranchuk-Migdal”
(LPM) effect may be made semi-classically based on the average multiple
scattering, or more rigorously using a quantum transport approach [39,40].

In amorphous media, bremsstrahlung is suppressed if the photon energy
k is less than E2/(E + Eppas) [40], where*

(mec?)?aXg
4Amhep
Since physical distances are involved, Xg/p, in cm, appears. The energy-

weighted bremsstrahlung spectrum for lead, kdoppas/dk, is shown in
Fig. 27.10 of the full Review. With appropriate scaling by Xo/p, other
materials behave similarly.

For photons, pair production is reduced for E(k — E) > k Eppps. The
pair-production cross sections for different photon energies are shown in of
the full Review.

0

X
ELP]L[ = = (77 TCV/CIH) X 7 . (27.29)

* This definition differs from that of Ref. 50 by a factor of two. Eppps
scales as the 4th power of the mass of the incident particle, so that Eypys =
(1.4 x 1010 TeV/em) x Xo/p for a muon.
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Fig. 27.15: The photon mass attenuation length (or mean
free path) A = 1/(u/p) for various elemental absorbers as a
function of photon energy. The mass attenuation coefficient
is u/p, where p is the density. The intensity I remaining
after traversal of thickness ¢ (in mass/unit area) is given
by I = Iy exp(—t/\). The accuracy is a few percent. For a
chemical compound or mixture, 1/Aeff = D glements WZ/AZ>
where wy is the proportion by weight of the element
with atomic number Z. The processes responsible for
attenuation are given in Fig. 27.9. Since coherent processes are
included, not all these processes result in energy deposition.
The data for 30 eV < E < 1 keV are obtained from
http://www-cxro.1lbl.gov/optical constants (courtesy of
Eric M. Gullikson, LBNL). The data for 1 keV < E < 100 GeV
are from http://physics.nist.gov/PhysRefData, through
the courtesy of John H. Hubbell (NIST).

If k < E, several additional mechanisms can also produce suppression.
When the formation length is long, even weak factors can perturb
the interaction. For example, the emitted photon can coherently
forward scatter off of the electrons in the media. Because of this,
for k < wpE/me ~ 10~%, bremsstrahlung is suppressed by a factor
(kme/wpE)? [42]. Magnetic fields can also suppress bremsstrahlung.
In crystalline media, the situation is more complicated, with coherent
enhancement or suppression possible [40].

27.5. Electromagnetic cascades

When a high-energy electron or photon is incident on a thick absorber, it
initiates an electromagnetic cascade as pair production and bremsstrahlung
generate more electrons and photons with lower energy. The longitudinal
development is governed by the high-energy part of the cascade, and
therefore scales as the radiation length in the material. Electron energies
eventually fall below the critical energy, and then dissipate their energy
by ionization and excitation rather than by the generation of more shower
particles. In describing shower behavior, it is therefore convenient to
introduce the scale variables

t=z/Xp, y=E/E., (27.30)
so that distance is measured in units of radiation length and energy in
units of critical energy.

The mean longitudinal profile of the energy deposition in an
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electromagnetic cascade is reasonably well described by a gamma
distribution [55]:
a—1_—bt
aE Fob (bt)* ‘e
dt I'(a)

The maximum tmax occurs at (a — 1)/b. We have made fits to shower
profiles in elements ranging from carbon to uranium, at energies from 1
GeV to 100 GeV. The energy deposition profiles are well described by
Eq. (27.31) with

tmax = (@ —1)/b=1.0x (Iny + C}) , ji=en, (27.32)
where Ce = —0.5 for electron-induced cascades and Cy = +0.5 for
photon-induced cascades. To use Eq. (27.31), one finds (a — 1)/b from
Eq. (27.32) and Eq. (27.30), then finds a either by assuming b ~ 0.5 or
by finding a more accurate value from Fig. 27.17. The results are very
similar for the electron number profiles, but there is some dependence on
the atomic number of the medium. A similar form for the electron number
maximum was obtained by Rossi in the context of his “Approximation
B, [4] but with Ce = —1.0 and Cy = —0.5; we regard this as superseded
by the EGS4 result.

The “shower length” X = X/b is less conveniently parameterized,
since b depends upon both Z and incident energy, as shown in Fig. 27.17.
As a corollary of this Z dependence, the number of electrons crossing a
plane near shower maximum is underestimated using Rossi’s approxima-
tion for carbon and seriously overestimated for uranium. Essentially the
same b values are obtained for incident electrons and photons. For many
purposes it is sufficient to take b ~ 0.5.

The gamma function distribution is very flat near the origin, while
the EGS4 cascade (or a real cascade) increases more rapidly. As a result
Eq. (27.31) fails badly for about the first two radiation lengths; it was
necessary to exclude this region in making fits. Because fluctuations are
important, Eq. (27.31) should be used only in applications where average
behavior is adequate.

The transverse development of electromagnetic showers in different
materials scales fairly accurately with the Moliére radius Ry, given
by [57,58]

(27.31)

Ry = Xo Es/Ee (27.33)

where Eg ~ 21 MeV (Table 27.1), and the Rossi definition of E, is used.
Measurements of the lateral distribution in electromagnetic cascades
are shown in Refs. 57 and 58. On the average, only 10% of the energy
lies outside the cylinder with radius Rp;. About 99% is contained
inside of 3.5Rj,s, but at this radius and beyond composition effects
become important and the scaling with R); fails. The distributions are
characterized by a narrow core, and broaden as the shower develops. They
are often represented as the sum of two Gaussians, and Grindhammer [56]
describes them with the function ,
2r R -
f(?“) - (7‘2 +R2)2 ’ (273‘))
where R is a phenomenological function of z/ Xy and In E.
At high enough energies, the LPM effect (Sec. 27.4.5) reduces the cross
sections for bremsstrahlung and pair production, and hence can cause
significant elongation of electromagnetic cascades [40].
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27.6. Muon energy loss at high energy

At sufficiently high energies, radiative processes become more important
than ionization for all charged particles. For muons and pions in materials
such as iron, this “critical energy” occurs at several hundred GeV. (There
is no simple scaling with particle mass, but for protons the “critical
energy” is much, much higher.) Radiative effects dominate the energy
loss of energetic muons found in cosmic rays or produced at the newest
accelerators. These processes are characterized by small cross sections,
hard spectra, large energy fluctuations, and the associated generation of
electromagnetic and (in the case of photonuclear interactions) hadronic
showers [59-67]. As a consequence, at these energies the treatment of
energy loss as a uniform and continuous process is for many purposes
inadequate.

It is convenient to write the average rate of muon energy loss as [68]

—dE/dx = a(E)+b(E)E . (27.36)
Here a(FE) is the ionization energy loss given by Eq. (27.1), and b(E)
is the sum of ete™ pair production, bremsstrahlung, and photonuclear
contributions. To the approximation that these slowly-varying functions
are constant, the mean range xg of a muon with initial energy Ey is given
by

zo ~ (1/b)In(1+ Eo/Eyc) , (27.37)

where Euc = a/b.

The “muon critical energy” E,c can be defined more exactly as the
energy at which radiative and ionization losses are equal, and can be
found by solving Ejc = a(Epuc)/b(Eyc). This definition corresponds to the
solid-line intersection in Fig. 27.11 of the full Review, and is different from
the Rossi definition we used for electrons. It serves the same function:
below E,. ionization losses dominate, and above E,. radiative effects
dominate. The dependence of E,. on atomic number Z is shown in
Fig. 27.20 in the full Review, but to 3-4% accuracy

4700 MeV 7980 MeV

c= m (SOlidS7 hqulds) 5 = W (gases) .

The radiative cross sections are expressed as functions of the fractional
energy loss v. The bremsstrahlung cross section goes roughly as 1/v over
most of the range, while for the pair production case the distribution
goes as 3 to v™2 [69]. “Hard” losses are therefore more probable
in bremsstrahlung, and in fact energy losses due to pair production may
very nearly be treated as continuous. The simulated [67] momentum
distribution of an incident 1 TeV/c muon beam after it crosses 3 m of
iron is shown in Fig. 27.21 of the full Review. The hard bremsstrahlung
photons and hadronic debris from photonuclear interactions induce
cascades which can obscure muon tracks in detector planes and reduce
tracking efficiency [71].

27.7. Cherenkov and transition radiation [72,73,82]

A charged particle radiates if its velocity is greater than the local
phase velocity of light (Cherenkov radiation) or if it crosses suddenly
from one medium to another with different optical properties (transition
radiation). Neither process is important for energy loss, but both are used
in high-energy physics detectors.
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Cherenkov Radiation. The angle 6. of Cherenkov radiation, relative to
the particle’s direction, for a particle with velocity B¢ in a medium with
index of refraction n is

cosf. = (1/npB)
or tanf.=+/3?n2 -1

V2(1—1/nB) for small ., e.g. in gases. (27.38)
The threshold velocity 8¢ is 1/n, and v = 1/(1 — [3?)1/2. Therefore,

Beve =1/(26 + 62)1/2, where § =n — 1. Values of § for various commonly
used gases are given as a function of pressure and wavelength in Ref. 74.
For values at atmospheric pressure, see Table 6.1. Data for other commonly
used materials are given in Ref. 75.

Practical Cherenkov radiator materials are dispersive. Let w be the
photon’s frequency, and let £ = 27/ be its wavenumber. The photons
propage at the group velocity vy = dw/dk = ¢/[n(w) + w(dn/dw)]. In a
non-dispersive medium, this simplies to vy = ¢/n.

In his classical paper, Tamm [76] showed that for dispersive media the
radiation is concentrated in a thin conical shell whose vertex is at the
moving charge, and whose opening half-angle 7 is given by

cotn = [(j—(u} tan 95)}
w

Q

wo

= {tan Oc + BPwn(w) dn cot 96} , (27.39)
dw wo
where wg is the central value of the small frequency range under
consideration. (See Fig. 27.24.) This cone has a opening half-angle 7,
and, unless the medium is non-dispersive (dn/dw = 0), 0.+ n # 90%. The
Cherenkov wavefront ‘sideslips’ along with the particle [77]. This effect
may have timing implications for ring imaging Cherenkov counters (78],
but it is probably unimportant for most applications.
The number of photons produced per unit path length of a particle with
charge ze and per unit energy interval of the photons is

d2N az? o222 1
= — sin? 0. = —
dEdx he Te MeC? 32n2(E)
~ 370sin% 0.(E) eV lem™  (z=1), (27.40)
or, equivalently,
2N 2maz? 1
= — 5y 27.41
dxd\ A2 < 62712()\)) (27.41)

The index of refraction is a function of photon energy F = hw, as is the
sensitivity of the transducer used to detect the light. For practical use,
Eq. (27.40) must be multiplied by the the transducer response function
and integrated over the region for which Sn(w) > 1. Further details are
given in the discussion of Cherenkov detectors in the Particle Detectors
section (Sec. 28 of this Review).

When two particles are close together (within < 1 wavelength), the
electromagnetic fields from the particles may add coherently, affecting the
Cherenkov radiation. The radiation from an ete™ pair at close separation
is suppressed compared to two independent leptons [79].

Coherent radio Cherenkov radiation from electromagnetic showers
(containing a net excess of e~ over eT) is significant [80], and has been
used to study cosmic ray air showers [81] and to search for v, induced
showers.
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Transition radiation. The energy radiated when a particle with charge
ze crosses the boundary between vacuum and a medium with plasma
frequency wy, is

I = az?yhwy/3 (27.42)
where

Tiwp = /AT Ner3 mec? Ja = \/4m Nead, 2 x 13.6 eV . (27.43)

Here N is the electron density in the medium, 7. is the classical electron
radius, and aco is the Bohr radius. For styrene and similar materials,
V4rNead, =~ 0.8, so that Twp = 20 eV. The typical emission angle is 1/7.

The radiation spectrum is logarithmically divergent at low energies and
decreases rapidly for fw/vhwp > 1. About half the energy is emitted in
the range 0.1 < hw/vhwp < 1. For a particle with v = 103, the radiated
photons are in the soft x-ray range 2 to 20 keV. The v dependence of the
emitted energy thus comes from the hardening of the spectrum rather than
from an increased quantum yield. For a typical radiated photon energy of
~yhwp/4, the quantum yield is

2
Ny =~ % %m}p/ﬁ/hfp R~ %azQ ~0.5% x 22 . (27.44)

More precisely, the number of photons with energy fiw > hwg is given

by [82]

, (27.45)

2 I 2 2
Ny (hw > hwg) = % Kln th:p - 1) + 1—7;

within corrections of order (fuwyp/ ﬂ/hwp)Q‘ The number of photons above a
fixed energy fiwg < 7fw, thus grows as (In<)2, but the number above a
fixed fraction of yhw, (as in the example above) is constant. For example,
for hw > yliwp/10, Ny = 2.519 az?/m = 0.59% x 22.

The yield can be increased by using a stack of plastic foils with gaps
between. However, interference can be important, and the soft x rays
are readily absorbed in the foils. The first problem can be overcome
by choosing thicknesses and spacings large compared to the “formation
length” D = vyc/wp, which in practical situations is tens of pm. Other
practical problems are discussed in Sec. 28.

Further discussion and all references may be found in the full Review
of Particle Physics; the equation and reference numbering corresponds
to that version.



232  28. Particle detectors

28. PARTICLE DETECTORS

Revised 2007 (see the various sections for authors).

This is an abridgment of the discussion given in the full Review of
Particle Physics (the “full Review”); the equation and reference numbering
corresponds to that version. The quoted numbers are usually based on
typical devices, and should be regarded only as rough approximations
for new designs. A more detailed discussion of detectors can be found in
Refs. 1 and 71.

Table 28.1: Typical resolutions and deadtimes of common
detectors. Revised September 2003 by R. Kadel (LBNL).

Resolution Dead

Detector Type Accuracy (rms) Time Time
Bubble chamber 10-150 pm 1 ms 50 ms®
Streamer chamber 300 pm 2 us 100 ms
Proportional chamber 50-300 pm® 2 ns 200 ns
Drift chamber 50-300 pm 2 ns? 100 ns
Scintillator 100 ps/m® 10 ns
Emulsion 1 pm — —
Liquid Argon Drift [7] ~175-450 pm ~ 200 ns ~ 2 us
Gas Micro Strip [8] 30-40 pm <10 ns —
Resistive Plate chamber [9] <10 pm 1-2 ns

Silicon strip pitch/(3 to 7)% a

Silicon pixel 2 pm® a

@ See full Review for qualifications and assumptions.
28.1. Photon detectors

Updated August 2007 by D. Chakraborty (Northern Illinois U) and
T. Sumiyoshi (Tokyo Metro U).

Most detectors in high-energy, nuclear, and astrophysics rely on the
detection of photons in or near the visible range, 100nm <A < 1000 nm,
or F =~ a few eV. This range covers scintillation and Cherenkov radiation
as well as the light detected in many astronomical observations.

Generally, photodetection involves generating a detectable electrical
signal proportional to the (usually very small) number of incident photons.
The process involves three distinct steps:

1. Generation of a primary photoelectron or electron-hole (e-h) pair by an
incident photon by the photoelectric or photoconductive effect,

2. Amplification of the p.e. signal to detectable levels by one or
more multiplicative bombardment steps and/or an avalanche process
(usually), and,

3. Collection of the secondary electrons to form the electrical signal.

28.1.1. Vacuum photodetectors : Vacuum photodetectors can be
broadly subdivided into three types: photomultiplier tubes, microchannel
plates, and hybrid photodetectors.

28.1.1.1. Photomultiplier tubes: A versatile class of photon detectors,

vacuum photomultiplier tubes (PMT) has been employed by a vast majority
of all particle physics experiments to date [11]. Both “transmission-” and
“reflection-type” PMT’s are widely used. In the former, the photocathode
material is deposited on the inside of a transparent window through which
the photons enter, while in the latter, the photocathode material rests on
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a separate surface that the incident photons strike. The cathode material
has a low work function, chosen for the wavelength band of interest. When
a photon hits the cathode and liberates an electron (the photoelectric
effect), the latter is accelerated and guided by electric fields to impinge
on a secondary-emission electrode, or dynode, which then emits a few
(~ 5) secondary electrons. The multiplication process is repeated typically
10 times in series to generate a sufficient number of electrons, which
are collected at the anode for delivery to the external circuit. The total
gain of a PMT depends on the applied high voltage V as G = AV,
where k =~ 0.7-0.8 (depending on the dynode material), n is the number
of dynodes in the chain, and A a constant (which also depends on n).
Typically, G is in the range of 10°~10%. Pulse risetimes are usually in the
few nanosecond range.

Table 28.2: Properties of photocathode and window materials
commonly used in vacuum photodetectors [12].

Photocathode A Window  Peak ¢g (\/nm)
material (nm) material
Csl 115200  MgFs 0.15 (135)
CsTe 115-240  MgF, 0.18 (210)
Bi-alkali 300-650 Borosilicate 0.27 (390)
160-650 Quartz 0.27 (390)
Multi-alkali 300-850 Borosilicate 0.20 (360)
160-850  Quartz 0.23 (280)
GaAs(Cs)*  160-930  Quartz 0.23 (280)
GaAsP(Cs) 300-750 Borosilicate 0.42 (560)

*Reflection type photocathode is used.

The choice of photocathode materials include a variety of mostly Cs-
and/or Sb-based compounds such as CsI, CsTe, bi-alkali (SbRbCs, SbKCs),
multi-alkali (SbNagKCs), GaAs(Cs), GaAsP, etc. Sensitive wavelengths
and peak quantum efficiencies for these materials are summarized in
Table 28.2.

28.1.1.2.  Microchannel plates: A typical Microchannel plate (MCP)
photodetector consists of one or more ~2 mm thick glass plates with
densely packed O(10 pm)-diameter cylindrical holes, or “channels”,
sitting between the transmission-type photocathode and anode planes,
separated by O(1 mm) gaps. Instead of discrete dynodes, the inner surface
of each cylindrical tube serves as a continuous dynode for the entire
cascade of multiplicative bombardments initiated by a photoelectron.
Gain fluctuations can be minimized by operating in a saturation mode,
whence each channel is only capable of a binary output, but the sum of all
channel outputs remains proportional to the number of photons received
so long as the photon flux is low enough to ensure that the probability of
a single channel receiving more than one photon during a single time gate
is negligible.
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28.1.1.3.  Hybrid photon detectors: Hybrid photon detectors (HPD)
combine the sensitivity of a vacuum PMT with the excellent spatial and
energy resolutions of a Si sensor [13]. A single photoelectron ejected from
the photocathode is accelerated through a potential difference of ~20 kV
before it impinges on the silicon sensor/anode. The gain nearly equals the
maximum number of e-h pairs that could be created from the entire kinetic
energy of the accelerated electron: G ~ eV/w, where e is the electronic
charge, V' is the applied potential difference, and w ~ 3.7 eV is the mean
energy required to create an e-h pair in Si at room temperature.

28.1.2. Gaseous photon detectors : In gaseous photomultipliers
(GPM) a photoelectron in a suitable gas mixture initiates an avalanche
in a high-field region, producing a large number of secondary impact-
ionization electrons. In principle the charge multiplication and collection
processes are identical to those employed in gaseous tracking detectors
such as multiwire proportional chambers, micromesh gaseous detectors
(Micromegas), or gas electron multipliers (GEM). These are discussed in
Sec. 28.5.3.

The devices can be divided into two types depending on the
photocathode material. One type uses solid photocathode materials much
in the same way as PMT’s. Since it is resistant to gas mixtures typically
used in tracking chambers, Csl is a common choice. In the other type,
photoionization occurs on suitable molecules vaporized and mixed in the
drift volume.

28.1.3. Solid-state photon detectors : In a phase of rapid develop-
ment, solid-state photodetectors are competing with vacuum- or gas-based
devices for many existing applications and making way for a multitude of
new ones. Compared to traditional vacuum- and gaseous photodetectors,
solid-state devices are more compact, lightweight, rugged, tolerant to
magnetic fields, and often cheaper. They also allow fine pixelization, are
easy to integrate into large systems, and can operate at low electric
potentials, while matching or exceeding most performance criteria. They
are particularly well suited for detection of 7- and X-rays. Except for
applications where coverage of very large areas or dynamic range is
required, solid-state detectors are proving to be the better choice.

Silicon photodiodes (PD) are widely used in high-energy physics as
particle detectors and in a great number of applications (including solar
cells!) as light detectors. The structure is discussed in some detail in
Sec. 28.6.

Very large arrays containing O(107) of O(10 pm?)-sized photodioides
pixelizing a plane are widely used to photograph all sorts of things from
everyday subjects at visible wavelengths to crystal structures with X-rays
and astronomical objects from infrared to UV. To limit the number of
readout channels, these are made into charge-coupled devices (CCD), where
pixel-to-pixel signal transfer takes place over thousands of synchronous
cycles with sequential output through shift registers [16]. Thus, high
spatial resolution is achieved at the expense of speed and timing precision.
Custom-made CCD’s have virtually replaced photographic plates and
other imagers for astronomy and in spacecraft. Typical QE’s exceed 90%
over much of the visible spectrum, and “thick” CCD’s have useful QE up
to A =1 pm.

In avalanche photodiodes (APD), an exponential cascade of impact
ionizations initiated by the initial photogenerated e-h pair under a large
reverse-bias voltage leads to an avalanche breakdown [17]. As a result,
detectable electrical response can be obtained from low-intensity optical
signals down to single photons.
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28.2. Organic scintillators
Revised September 2007 by K.F. Johnson (FSU).

Organic scintillators are broadly classed into three types, crystalline,
liquid, and plastic, all of which utilize the ionization produced by
charged particles to generate optical photons, usually in the blue to green
wavelength regions [21]. Plastic scintillators are by far the most widely
used. Crystal organic scintillators are practically unused in high-energy
physics.

Densities range from 1.03 to 1.20 g cm™3. Typical photon yields are
about 1 photon per 100 eV of energy deposit [22]. A one-cm-thick
scintillator traversed by a minimum-ionizing particle will therefore yield
~ 2 x 104 photons. The resulting photoelectron signal will depend on the
collection and transport efficiency of the optical package and the quantum
efficiency of the photodetector.

Plastic scintillators do not respond linearly to the ionization density. A
widely used semi-empirical formula by Birks is [23]

d¥ dE/dx

dz Y+ kpdE/dz’
where .Z is the luminescence, % is the luminescence at low specific
ionization density, and kp is Birks’ constant, which must be determined
for each scintillator by measurement.

Decay times are in the ns range; rise times are much faster. The
fraction of light emitted during the decay “tail” can depend on the exciting
particle. This allows pulse shape discrimination for particle identification.
Ease of fabrication into desired shapes and low cost has made plastic
scintillators a common detector component. Recently, plastic scintillators
in the form of scintillating fibers have found widespread use in tracking
and calorimetry [25].

(28.1)

28.2.2. Scintillating and wavelength-shifting fibers :

The clad optical fiber is an incarnation of scintillator and wavelength
shifter (WLS) which is particularly useful [33].

SCIFI calorimeters are fast, dense, radiation hard, and can have
leadglass-like resolution. SCIFI trackers can handle high rates and are
radiation tolerant, but the low photon yield at the end of a long fiber (see
below) forces the use of sensitive photodetectors. WLS scintillator readout
of a calorimeter allows a very high level of hermeticity since the solid angle
blocked by the fiber on its way to the photodetector is very small. The
sensitive region of scintillating fibers can be controlled by splicing them
onto clear (non-scintillating/non-WLS) fibers.

A typical configuration would be fibers with a core of polystyrene-based
scintillator or WLS (index of refraction n = 1.59), surrounded by a
cladding of PMMA (n = 1.49) a few microns thick, or, for added light
capture, with another cladding of fluorinated PMMA with n = 1.42, for an
overall diameter of 0.5 to 1 mm. The fiber is drawn from a boule and great
care is taken during production to ensure that the intersurface between
the core and the cladding has the highest possible uniformity and quality,
so that the signal transmission via total internal reflection has a low loss.
The fraction of generated light which is transported down the optical pipe
is denoted the capture fraction and is about 6% for the single-clad fiber
and 10% for the double-clad fiber.

The number of photons from the fiber available at the photodetector
is always smaller than desired, and increasing the light yield has proven
difficult. A minimum-ionizing particle traversing a high-quality 1 mm
diameter fiber perpendicular to its axis will produce fewer than 2000
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photons, of which about 200 are captured. Attenuation may eliminate
95% of these photons in a large collider tracker.

28.3. Inorganic scintillators:

Revised September 2007 by R.-Y. Zhu (California Institute of Technology)
and C.L. Woody (BNL).

Inorganic crystals form a class of scintillating materials with much
higher densities than organic plastic scintillators (typically ~ 4-8 g/cm3)
with a variety of different properties for use as scintillation detectors. Due
to their high density and high effective atomic number, they can be used
in applications where high stopping power or a high conversion efficiency
for electrons or photons is required.

Table 28.4 lists the basic properties of some commonly used inorganic
crystal scintillators.

Most of the crystals listed in Table 28.4 have been used in high energy
or nuclear physics experiments when the ultimate energy resolution for
electrons and photons is desired. Examples are the Crystal Ball NaI(Tl)
calorimeter at SPEAR, the L3 BGO calorimeter at LEP, the CLEO
CsI(T1) calorimeter at CESR, the KTeV Csl calorimeter at the Tevatron,
the BaBar and BELLE CsI(T1) calorimeters at PEP-II and KEK. Because
of its high density and low cost, PWO calorimeters are widely used by
CMS and ALICE at LHC, by CLAS and PrimEx at CEBAF, and are
the leading option for PANDA at GSI. Recently, investigations have been
made aiming at using LSO:Ce or LYSO:Ce crystals for future high energy
or nuclear physics experiments [41].

Table 28.4: Properties of several inorganic crystal scintillators. Most of
the notation is defined in Sec.6 of this Review.

Parameter: p MP X} v dE/dr AT Tdecay Amax nf  Relative Hygro- d(LY)/dT
output! scopic?

Units:  g/em® °C  em  cm MeViem cm ns nm %/°C

Nal(Tl) 3.67 651 2.59 4.13 48 429 230 410 1.85 100  yes 0.2

BGO 713 1050 1.12 223 9.0 228 300 480 215 21 no 0.9

BaFy,  4.89 1280 203 3.10 6.6 307 630° 300° 150  36° no  —13°
0.9/ 2207 3.4f ~0f

CsI(TI) 451 621 1.86 3.57 56 393 1300 560 1.79 165  slight 0.3

CsI(pure) 451 621 1.86 3.57 56 39.3 35° 420° 1.95 3.6° slight —1.3
6/ 310/ 1.1/

PbWO, 83 1123 0.89 200 102 20.7 30° 425° 220 0.083° no —27
10f 4207 0.297

LSO(Ce) 7.40 2050 1.14 207 9.6 209 40 420 182 83 no 0.2

GSO(Ce) 6.71 1950 1.38 2.23 89 222 600° 430 185  3° no 0.1
56/ 30/

* Numerical values calculated using formulae in this review.

¥ Refractive index at the wavelength of the emission maximum.

T Relative light output measured for samples of 1.5 Xg cube with a Tﬁvek
e

paper wrapping and a full end face coupled to a photodetector. T
quantum efficiencies of the photodetector is taken out.

Variation of light yield with temperature evaluated at the room
temperature.
f = fast component, s = slow component
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28.4. Cherenkov detectors
Revised September 2007 by B.N. Ratcliff (SLAC).

Although devices using Cherenkov radiation are often thought of as
particle identification (PID) detectors, in practice, they are widely used
over a much broader range of applications; including (1) fast particle
counters; (2) hadronic particle identification; and (3) tracking detectors
performing complete event reconstruction. A few examples of specific
applications from each category include; (1) the polarization detector of
the SLD [46]; (2) the hadronic PID detectors at the B factory detectors
(DIRC in BaBar [9] and the aerogel threshold Cherenkov in Belle [47]) ;
and (3) large water Cherenkov counters such as Super-Kamiokande [49].
Cherenkov counters contain two main elements; (1) a radiator through
which the charged particle passes, and (2) a photodetector. As Cherenkov
radiation is a weak source of photons, light collection and detection must
be as efficient as possible. The presence of the refractive index n and
the path length of the particle in the radiator in the Cherenkov relations
allows tuning these quantities for a particular experimental application.

Cherenkov detectors utilize one or more of the properties of Cherenkov
radiation discussed in the Passages of Particles through Matter section
(Sec. 27 of this Review): the prompt emission of a light pulse; the
existence of a velocity threshold for radiation; and the dependence of the
Cherenkov cone half-angle 6. and the number of emitted photons on the
velocity of the particle.

The number of photoelectrons (Np.e.) detected in a given device is

a2 L :
Npe. = Lre s /E(E) sin” 0.(E)dE , (28.5)
where L is the path length in the radiator, €(E) is the efficiency for
collecting the Cherenkov light and transducing it in photoelectrons, and
a2/ (re mec?) = 370 cm~leV1,

The quantities € and 6. are functions of the photon energy E. However,
since the typical energy dependent variation of the index of refraction is
modest, a quantity called the Cherenkov detector quality factor Ny can be
defined as

2.2
No= 22 /edE, (28.6)
Te MeC
so that
Np.e. &~ LNg(sin? 6.) . (28.7)

We take z = 1, the usual case in high-energy physics, in the following
discussion.

Radiators can be chosen from a variety of transparent materials (Sec.
27 of this Review and Table 6.1). In addition to refractive index, the choice
requires consideration of factors such as material density, radiation length,
transmission bandwidth, absorption length, chromatic dispersion, optical
workability (for solids), availability, and cost.

Cherenkov counters may be classified as either imaging or threshold
types, depending on whether they do or do not make use of Cherenkov
angle (0.) information. Imaging counters may be used to track particles as
well as identify them.
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28.5. Gaseous detectors

28.5.1. Energy loss and charge transport in gases : Written April
2008 by F. Sauli (CERN) and M. Titov (CEA Saclay).

Gas-filled counters detect and localize the ionization produced by
charged particles, generally after charge multiplication. The peculiar
statistics of ionization processes, with asymmetries in the ionization trails,
affect the coordinate determination deduced from the measurement of drift
time or of the center of gravity of the collected charge. For thin gas layers,
the width of the energy loss distribution can be larger than the average,
requiring multiple sample or truncated mean analysis to achieve particle
identification (see Sec. 28.5.4).

The energy loss of charged particles and photons in various materials
as a function of energy is discussed in Sec. 27. Table 28.6 provides values
of relevant parameters in commonly used gases at NTP for unit charge,
minimum-ionizing particles [61-67].

Table 28.6: Properties of rare and molecular gases at normal
temperature and pressure (NTP: 20° C, one atm). Eyx, Ej: first
excitation and ionization energy; Wj: average energy per ion pair;
dE/dx|min, Np, Np: differential energy loss, primary and total
number of electron-ion pairs per cm, for unit charge, minimum
ionizing particles.

Gas Density, FEj Er  Wr dE/dz|min Np N
mgem™3 eV eV eV  keVem ! cem™! cm~
Ne 0.839 16.7 21.6 30 1.45 13 50
Ar 1.66 11.6 157 25 2.53 25 106
Xe 5.495 84 121 22 6.87 41 312
CHy 0.667 8.8 126 30 1.61 37 54
CoHg 1.26 8.2 11,5 26 2.91 48 112
iCq4Hyp 2.49 6.5 106 26 5.67 90 220
COaq 1.84 70 138 34 3.35 35 100
CF4 3.78 10.0 16.0 54 6.38 63 120

When an ionizing particle passes through the gas it creates electron-ion
pairs, but often the ejected electrons have sufficient energy to further
ionize the medium. On average, the total number of electron-ion pairs
(N7) is between two and three times larger than the number of primaries
(Np) (see Table 28.6).

The probability of releasing an electron of energy E or larger follows
an approximate 1/E? dependence (Rutherford law). There is a 1%
probability of creating of an electron of 1 keV or more in 10 mm of argon,
substantially increasing the ionization losses. The practical range of 1 keV
electrons in argon is 70 um; this contributes to the error in the coordinate
determination.

Once released in the gas, and under the influence of an applied electric
field, electrons and ions drift in opposite directions and diffuse towards
the electrodes. The value of drift velocity and diffusion depends very
strongly on the nature of the gas. Fast gas mixtures are achieved by
adding polyatomic gases (usually CHy4 or CO2), having large inelastic cross
sections at moderate energies, which results in “cooling” electrons into an
energy range of the Ramsauer-Townsend minimum (located at ~0.5 eV)
of the elastic scattering cross-section of argon. In a simple approximation,
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gas kinetic theory provides the following relation between drift velocity
v and mean electron-molecule collision time 7 (Townsend’s expression):
v = eET/m. In the presence of an external magnetic field, the Lorentz
force acting on electrons between collisions deflects the drifting swarm
and modifies the drift properties. A simple theory provides an expression
for the vector drift velocity v as a function of electric and magnetic field
vectors E and B, of the Larmor frequency w = eB/m and the mean

collision time 7 between electrons and molecules:
2.2

e T wT wT
vzgm (EJr §(E><B)+ 2 (E-B)B) (28.13)
To a good approximation, and for moderate fields, one can assume
that the energy of the electrons is not affected by B, and use for 7 the
values deduced from the drift velocity at B = 0 (Townsend expression).
For parallel electric and magnetic fields, drift velocity and longitudinal
diffusion are not affected, while the transverse diffusion can be strongly

reduced.

As they experience increasing fields, electrons get enough energy
to undergo ionizing collisions with molecules. Above a gas-dependent
threshold, the mean free path for ionization )\;, decreases exponentially
with the field; its inverse, a = 1/); is the first Townsend coefficient. As
most of the avalanche growth occurs very close to the anodes, simple
electrostatic consideration show that the largest fraction of the detected
signal is due to the motion of ions receding from the wires; the electron
component, although very fast, is rarely seen. This determines the
characteristic shape of the detected signals in proportional mode, with a
fast rise followed by a gradually slower increase.

28.5.2. Multi- Wire Proportional Chambers : Written April 2008 by
Fabio Sauli (CERN) and Maxim Titov (CEA Saclay).

Multiwire proportional chambers (MWPC’s) [69,70], introduced in the
late sixties, detect and localize energy deposit by charged particles over
large areas. A mesh of parallel anode wires at a suitable potential, inserted
between two cathodes, acts (almost) as an independent set of proportional
counters (see Fig. 28.7). Electrons released in the gas volume drift towards
the anodes and avalanche in the increasing field. The fields close to the
wires E(r) and in the drift region Ep are given by the approximations:

E(r) = CVy 1; Bp = %; _ 27eq
2meg T 2e0s w(l/s) —In(2ma/s)
where 7 is the distance from the center of the anode, s the wire spacing,
¢ and V{ the distance and difference of potential between anode and
cathodes. C' the capacitance per unit length of the wires and a the anode
wire radius.

Because of electrostatic forces, anode wires are in equilibrium only for
a perfect geometry. Small deviations result in forces displacing the wires
alternatively below and above the symmetry plane, often with catastrophic
results. These displacement forces are countered by the mechanical tension
of the wire, up to a maximum stable length L, [71]:

Ly = i\/47r60TM
CVy

The maximum tension T, depends on the wire diameter and modulus of
elasticity.

Detection of charge over a predefined threshold on the wires provides
the event coordinates with the accuracy of the wire spacing; longitudinal
localization can be obtained by measuring the ratio of collected charge at
the two ends of resistive wires. Making use of the charge profile induced
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Figure 28.7: Electric field lines and equipotentials in (a) a multiwire
proportional chamber and (b) a drift chamber.

on segmented cathodes, the so-called center-of gravity (COG) method
permits localization of tracks to sub-mm accuracy.

Drift chambers, developed in the early 70’s, can estimate the position
of a track by exploiting the arrival time of electrons at the anodes if
the time of the interaction is known. They can achieve rms localization
accuracies of 50 um or better. The distance between anode wires, several
cm, allows covering large areas at reduced cost.

28.5.3. Micro-pattern Gas Detectors: Written October 2007 by M.
Titov (CEA Saclay)

Modern photolithographic technology has enabled a series of inventions
of novel Micro-Pattern Gas Detector (MPGD) concepts: Micro-Strip Gas
Chamber (MSGC) [85], GEM [86], Micromegas [87] and many others [88],
revolutionizing cell size limits for many gas detector applications.
Consisting of a set of tiny metal strips laid on a thin insulating substrate,
and alternatively connected as anodes and cathodes, the MSGC turned
out to be easily damaged by discharges induced by heavily ionizing
particles and destroying the fragile electrode structure [89]. The GEM
and Micromegas concepts fulfill the needs of high-luminosity colliders with
increased reliability in harsh radiation environments. By using fine pitch
size compared to classical wire chambers, these detectors offer intrinsic
high rate capability (fast signals with risetimes of a few ns and full
widths of 20-100 ns), excellent spatial resolution (~ 30 pm), double track
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resolution (~ 500 pm), and single photo-electron time resolution in the ns
range.

Figure 28.11: Schematic view and typical dimensions of the
hole structure in the GEM amplification cell. Electric field lines
(solid) and equipotentials (dashed) are shown. On application of a
potential difference between the two metal layers electrons released
by ionization in the gas volume above the GEM are guided into the
holes, where charge multiplication occurs in the high field.

The GEM detector consists of a thin-foil copper-Kapton-copper
sandwich chemically perforated to obtain a high density of holes. The
hole diameter is typically between 25 pum and 150 pm, while the pitch
varies between 50 pym and 200 pm. Application of a potential difference
between the two sides of the GEM generates the electric fields indicated
in Fig. 28.11. Each hole acts as an independent proportional counter;
electrons released by the ionization in the gas drift into the hole and
multiply in the high electric field (50-70 kV/cm). Most of avalanche
electrons are transferred into the gap below the GEM. Distributing
the avalanche multiplication among several cascading electrodes allows
the multi-GEM detectors to operate at overall gas gain above 10% in
the presence of hi%hly ionizing particles, while eliminating the risk of
discharges (< 10712 per hadron).

The Micromegas detector is a parallel-plate avalanche counter It
consists of a few mm drift region (electric field ~1 kV/cm) and a
narrow multiplication gap (25-150 um, 50-70 kV/cm), located between
a thin metal grid (micromesh) and the readout electrode (strips/pads of
conductor printed on an insulator board). The electric field is homogeneous
both in the drift and amplification gaps. The small amplification gap is a
key element in Micromegas operation, giving rise to its excellent spatial
resolution: 12 pm accuracy (limited by the the micromesh pitch) for
MIPs [91], and very good energy resolution (~12% FWHM with 6 keV
X rays).

Over the past decade GEM and Micromegas detectors have become
increasingly important. GEM’s have entered the LHC program; they
will be used for triggering in the LHCb Muon System and in the
TOTEM Telescopes. A time projection chamber (TPC) using GEM or
Micromegas as a gas amplification device is also one of the main options
for high-precision tracking at the International Linear Collider (ILC).
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The performance and robustness of MPGD’s have encouraged their
applications in high-energy and neutrino physics, astrophysics, UV and
visible photon detection, nuclear physics and neutron detection domain,
radiation therapy and electronic portal imaging devices.

28.5.4. Time-projection chambers : Written September 2007 by D.
Karlen (U. of Victoria and TRIUMF, Canada)

The Time Projection Chamber (TPC) concept, invented by David
Nygren in the late 1970’s [78], is the basis for charged particle tracking
in a large number of particle and nuclear physics experiments. A uniform
electric field drifts tracks of ions produced by charged particles traversing
a medium, either gas or liquid, towards a surface segmented into 2D
readout pads. The signal amplitudes and arrival times are recorded to
provide full 3D measurements of the particle trajectories. The intrinsic 3D
segmentation gives the TPC a distinct advantage over other large volume
tracking detector designs which record information only in a 2D projection
with less overall segmentation, particularly for pattern recognition in
events with large numbers of particles.

Gaseous TPC’s are often designed to operate within a strong magnetic
field (typically parallel to the drift field) so that particle momenta can
be estimated from the track curvature. For this application, precise
spatial measurements in the plane transverse to the magnetic field are
most important. Since the amount of ionization along the length of the
track depends on the velocity of the particle, ionization and momentum
measurements can be combined to identify the types of particles observed
in the TPC. The estimator for the energy deposit by a particle is usually
formed as the truncated mean of the energy deposits, using the 50%-70%
of the samples with the smallest signals. Variance due to energetic -ray
production is thus reduced.

Gas amplification of 103-10* at the readout endplate is usually required
in order to provide signals with sufficient amplitude for conventional
electronics to sense the drifted ionization. Until recently, the gas
amplification system used in TPC’s have exclusively been planes of anode
wires operated in proportional mode placed close to the readout pads.
Performance has been recently improved by replacing these wire planes
with micro-pattern gas detectors, namely GEM [86] and Micromegas [87]
devices.

For a gaseous TPC operated in a magnetic field, the electron drift
velocity v is defined by Eq. (28.13). With a strong magnetic field parallel to
the electric field and a gas with a large value of wT (also favored to reduce
transverse diffusion as discussed below), the transverse displacements of
the drifting electrons due to electric field distortions are reduced.

In a gaseous TPC, the motion of positive ions is much slower than the
electrons, and so the positive ions produced by many events may exist in
the active volume. Of greatest concern is the ions produced in the gas
amplification stage. Large gaseous TPC’s built until now with wire planes
have included a gating grid that prevent the positive ions from escaping
into the drift volume in the interval between event triggers. Micro-pattern
gas detectors release fewer positive ions than wire planes operating at the
same gain, which may allow operation of a TPC without a gating grid.

Diffusion degrades the position information of ionization that drifts a
long distance. For typical operation without magnetic field, the transverse
extent of the electrons, op,, is a few mm after drifting 1 m due to
diffusion. With a strong magnetic field, op, can be reduced by as much
as a factor of 10,

1

0pe(B)/ops(0) = W

(28.14)
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Figure 28.15: The PEP4/9-TPC energy deposit measurements (185
samples, 8.5 atm Ar-CHy 80:20). The ionization rate at the Fermi
plateau (at high ) is 1.4 times that for the minimum at lower £.
This ratio increases to 1.6 at atmospheric pressure.

where wt is defined in Sec. 28.5.1 The diffusion limited position resolution
from the information collected by a single row of pads is
9Dz

NG

where n is the effective number of electrons collected by the pad row,
giving an ultimate single row resolution of order 100 pm.

(28.15)

Ogx —

28.5.5. Transition radiation detectors (TRD’s) : Written August
2007 by P. Nevski (BNL), A. Romaniouk (Moscow Eng. & Phys. Inst.)

Transition radiation (TR) x rays are produced when a highly relativistic
particle (y 2 103) crosses a refractive index interface, as discussed in
Sec. 27.7. The x rays, ranging from a few keV to a few dozen keV, are
emitted at a characteristic angle 1/ from the particle trajectory. Since
the TR yield is about 1% per boundary crossing, radiation from multiple
surface crossings is used in practical detectors. In the simplest concept, a
detector module might consist of low-Z foils followed by a high-Z active
layer made of proportional counters filled with a Xe-rich gas mixture.
The atomic number considerations follow from the dominant photoelectric
absorption cross section per atom going roughly as Z ”/E§ where n
varies between 4 and 5 over the region of interest, and the x-ray energy is
FE..* To minimize self-absorption, materials such as polypropylene, Mylar,
carbon, and (rarely) lithium are used as radiators. The TR signal in the
active regions is in most cases superimposed upon the particle’s ionization

* Photon absorption coefficients for the elements (via a NIST link), and
dE/dx|pny, and plasma energies for many materials are given in
pdg.1bl.gov/AtomicNuclearProperties.
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losses. These drop a little faster than Z/A with increasing Z, providing

another reason for active layers with high Z.

The TR intensity for a single boundary crossing always increases with
v, but for multiple boundary crossings interference leads to saturation
near a Lorentz factor vgat = 0.6 wiv/?102/c [100,101], where wy is the
radiator plasma frequency, ¢; is its thickness, and ¢9 the spacing. In most
of the detectors used in particle physics the radiator parameters are chosen
to provide ygat &~ 2000. Those detectors normally work as threshold
devices, ensuring the best electron/pion separation in the momentum
range 1 GeV/e S p S 150 GeV/e.

One can distinguish two design concepts— “thick” and “thin” detectors:
1. The radiator, optimized for a minimum total radiation length at

maximum TR yield and total TR absorption, consists of few hundred

foils (for instance 300 20 pm thick polypropylene foils). A dominant
fraction of the soft TR photons is absorbed in the radiator itself.

2. In another TRD concept a fine granular radiator/detector structure
exploits the soft part of the TR spectrum more efficiently. This can
be achieved, for instance, by distributing small-diameter straw-tube
detectors uniformly or in thin layers throughout the radiator material
(foils or fibers). Even with a relatively thin radiator stack, radiation
below 5 keV is mostly lost in the radiators themselves. However for
photon energies above this value the absorption becomes smaller and
the radiation can be registered by several consecutive detector layers,
thus creating a strong TR build-up effect.

The discrimination between electrons and pions can be based on the
charge deposition measured in each detection module, on the number of
clusters—energy depositions observed above an optimal threshold (usually
in the 5 to 7 keV region), or on more sophisticated methods analyzing the
pulse shape as a function of time. The total energy measurement technique
is more suitable for thick gas volumes, which absorb most of the TR
radiation and where the ionization loss fluctuations are small. The cluster-
counting method works better for detectors with thin gas layers, where the
fluctuations of the ionization losses are big. Cluster-counting replaces the
Landau-Vavilov distribution of background ionization energy losses with
the Poisson statistics of d-electrons, responsible for the distribution tails.
The latter distribution is narrower that the Landau-Vavilov distribution.

The major factor in the performance of any TRD is its overall length.
This is illustrated in Fig. 28.16, which shows, for a variety of detectors,
the pion efficiency at a fixed electron efficiency of 90% as a function of
the overall detector length. The experimental data, covering a range of
particle energies from a few GeV to 40 GeV, are rescaled to an energy of
10 GeV when possible. Phenomenologically, the rejection power against
pions increases as 5 - lOL/38, where the range of validity is L ~ 20-100 cm.

Recent TRDs for particle astrophysics are designed to directly measure
the Lorentz factor of high-energy nuclei by using the quadratic dependence
of the TR yield on nuclear charge [109,110]. The radiator configuration

(¢1,02) is tuned to extend the TR yield rise up to v < 10° using more
energetic part of the TR spectrum (up to 100 keV). Exotic radiator
materials such as aluminum and unusual TR detection methods (Compton
scattering) are used such cases [109).
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Figure 28.16: Pion efficiency measured (or predicted) for different

TRDs as a function of the detector length for a fixed electron

efficiency of 90%. The plot is taken from [102] with efficiencies of

more recent detectors [105-106] added (ATLAS to PAMELA).

28.5.6. Resistive-plate chambers : Revised September 2007 by H.R.
Band (U. Wisconsin).

An RPC is most commonly constructed from two parallel high-resistivity
(109-10'3 Q-cm) glass or phenolic (Bakelite)/melamine laminate plates
with a few-mm gap between them which is filled with atmospheric-pressure
gas. The gas is chosen to absorb UV photons in order to limit transverse
growth of discharges. The backs of the plates are coated with a lower-
resistivity paint or ink (~10°Q/0), and a high potential (7-12 kV) is
maintained between them. The passage of a charged particle initiates an
electric discharge, whose size and duration are limited since the current
reduces the local potential to below that needed to maintain the discharge.
The sensitivity of the detector outside of this region is unaffected. The
signal readout is via capacitive coupling to metallic strips on both sides of
the detector which are separated from the high voltage coatings by thin
insulating sheets. The x and y position of the discharge can be measured
if the strips on opposite sides of the gap are orthogonal. An example of an
RPC structure is shown in Fig. 28.17.

The average charge per streamer is 100-1000 pC. Typically, the
efficiency of streamer-mode glass RPC’s begins to fall above ~0.4 Hz/ cm?.
Because of Bakelite’s lower bulk resistivity, Bakelite RPC’s can be
efficient at 10-100 Hz/ cm?. The need for higher rate capability led to the
development of avalanche-mode RPC’s, in which the gas and high voltage
have been tuned to limit the growth of the electric discharge, preventing
streamer formation. Typical avalanche-mode RPC’s have a signal charge
of about 10 pC and can be efficient at 1 kHz/cm?.

Operational experience with RPC’s has been mixed. Several experi-
ments (e.g., L3 and HARP) have reported reliable performance. However,
the severe problems experienced with the BaBar RPC’s have raised
concerns about the long-term reliability of Bakelite RPC’s. Glass RPC’s
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Figure 28.17: Schematic cross section of a typical RPC, in this case
the single-gap streamer-mode BaBar RPC.

have had fewer problems, as seen by the history of the BELLE chambers.
28.6. Silicon semiconductor detectors
Updated September 2007 by H. Spieler (LBNL).

Silicon detectors are p-n junction diodes operated at reverse bias.
This forms a sensitive region depleted of mobile charge and sets up an
electric field that sweeps charge liberated by radiation to the electrodes.
Detectors typically use an asymmetric structure, e.g. a highly doped p
electrode and a lightly doped n region, so that the depletion region extends
predominantly into the lightly doped volume.

The thickness of the depleted region is

W = /2e(V+Vy;)/Ne=2pue(V +Vy) , (28.16)
where V' = external bias voltage
Vi = “built-in” voltage (=~ 0.5 V for resistivities typically used in
detectors)
N = doping concentration
e = electronic charge
e = dielectric constant = 11.9 ¢g &~ 1 pF/cm
p = resistivity (typically 1-10 kQ cm)
u = charge carrier mobility
= 1350 cm? V=1 571 for electrons
=450 cm? V—1 s71 for holes

so that
W =0.5 [pm/VQ-cm - V] x \/p(V + Vy;) for n-type material,

W = 0.3 [pm/vVQ-cm - V] x \/p(V + V};) for p-type material.
The conductive p and n regions together with the depleted volume form a
capacitor with the capacitance per unit area
C=¢/W=1[pF/cm] /W . (28.17)

In strip and pixel detectors the capacitance is dominated by the fringing
capacitance. For example, the strip-to-strip fringing capacitance is
~ 1-1.5 pF ecm™! of strip length at a strip pitch of 25-50 um.

Measurements on silicon photodiodes [119] show that for photon energies
below 4 eV one electron-hole (e-h) pair is formed per incident photon.
The mean energy E; required to produce an e-h pair peaks at 4.4 eV
for a photon energy around 6 eV. It assumes a constant value, 3.67 eV
at room temperature, above ~ 1.5 keV. It is larger than the bandgap
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energy because phonon excitation is required for momentum conservation.
For minimum-ionizing particles, the most probable charge deposition in a
300 pm thick silicon detector is about 3.5 fC (22000 electrons). Since both
electronic and lattice excitations are involved, the variance in the number
of charge carriers N = E/FE; produced by an absorbed energy F is reduced

by the Fano factor F (about 0.1 in Si). Thus, oy = V' FN and the energy

resolution op/E = /FE;/E. However, the measured signal fluctuations
are usually dominated by electronic noise or energy loss fluctuations in the
detector.

Charge collection time decreases with increasing bias voltage, and can
be reduced further by operating the detector with “overbias,” i.e. a bias
voltage exceeding the value required to fully deplete the device. The
collection time is limited by velocity saturation at high fields (approaching
107 cm/s at E > 10* V/cm); at an average field of 10* V/cm the collection
time is about 15 ps/um for electrons and 30 ps/um for holes. In typical
fully-depleted detectors 300 pm thick, electrons are collected within about
10 ns, and holes within about 25 ns.

Position resolution is limited by transverse diffusion during charge
collection (typically 5 um for 300 pum thickness) and by knock-on electrons.
Resolutions of 2-4 pum (rms) have been obtained in beam tests. In
magnetic fields, the Lorentz drift deflects the electron and hole trajectories
and the detector must be tilted to reduce spatial spreading (see “Hall
effect” in semiconductor textbooks).

The increase in reverse bias current due to bulk damage is Al = a®
per unit volume, where ® is the particle fluence and a the damage
coefficient (o = 3 x 10717 A /cm for minimum ionizing protons and pions
after long-term annealing; a &~ 2 x 10717 A /em for 1 MeV neutrons). The
reverse bias current depends strongly on temperature

()]

where £ = 1.2 eV, so rather modest cooling can reduce the current
substantially (~ 6-fold current reduction in cooling from room temperature
to 0°C).

Strip and pixel detectors have remained functional at fluences beyond
10*® ¢cm~2 for minimum ionizing protons. At this damage level, charge
loss due to recombination and trapping also becomes significant and
the high signal-to-noise ratio obtainable with low-capacitance pixel
structures extends detector lifetime. The occupancy of the defect charge
states is strongly temperature dependent; competing processes can
increase or decrease the required operating voltage. It is critical to
choose the operating temperature judiciously (—10 to 0°C in typical
collider detectors) and limit warm-up periods during maintenance.
For a more detailed summary see Ref. 124 and and the web-sites of
the ROSE and RD50 collaborations at RD48.web.cern.ch/rd48 and
RD50.web.cern.ch/rd50.
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28.7. Calorimeters

A calorimeter is designed to measure the energy deposited in a contained
electromagnetic (EM) or hadronic shower. The characteristic interaction
distance for an electromagnetic interaction is the radiation length X,
which ranges from 13.8 g em~2 in iron to 6.0 g em ™2 in uranium.*
Similarly, the characteristic nuclear interaction length A; varies from
132.1 g em™2 (Fe) to 209 g cm™2 (U). In either case, the calorimeter must
be many interaction lengths deep, where “many” is determined by physical
size, cost, and other factors. EM calorimeters tend to be 15-30 X deep,
while hadronic calorimeters are usually compromised at 5-8 Aj. Moreover,
in a real experiment there is likely to be an EM calorimeter in front of the
hadronic section, and perhaps a more poorly sampling catcher in the back,
so the hadronic cascade is contained in a succession of different structures.
In all cases there is a premium on high density, to contain the shower
as compactly as possible, and, especially in the EM case, high atomic
number.

There are homogeneous and sampling calorimeters. In a homogeneous
calorimeter the entire volume is sensitive, i.e., contributes signal.
Homogeneous calorimeters (usually electromagnetic) may be built with
inorganic heavy (high-Z) scintillating crystals such as BGO, CsI, Nal, and
PWO, non-scintillating Cherenkov radiators such as lead glass and lead
fluoride, or ionizing noble liquids. Properties of commonly used inorganic
crystal scintillators can be found in Table 28.4. A sampling calorimeter
consists of an active medium which generates signal and a passive medium
which functions as an absorber. The active medium may be a scintillator,
an ionizing noble liquid, a gas chamber, a semiconductor, or a Cherenkov
radiator. The passive medium is usually a material of high density, such
as lead, iron, copper, or depleted uranium.

28.7.1. Electromagnetic calorimeters : Written August 2003 by
R.-Y. Zhu (California Inst. of Technology).

The development of electromagnetic showers is discussed in the section
on “Passage of Particles Through Matter” (Sec. 27 of this Review).

The energy resolution op/FE of a calorimeter can be parametrized as
a/ VE®&b& ¢/E, where @ represents addition in quadrature and F is in
GeV. The stochastic term a represents statistics-related fluctuations such
as intrinsic shower fluctuations, photoelectron statistics, dead material at
the front of the calorimeter, and sampling fluctuations. For a fixed number
of radiation lengths, the stochastic term a for a sampling calorimeter is
expected to be proportional to \/t/f, where t is plate thickness and f
is sampling fraction [130,131]. While a is at a few percent level for a
homogeneous calorimeter, it is typically 10% for sampling calorimeters.
The main contributions to the systematic, or constant, term b are
detector non-uniformity and calibration uncertainty. In the case of the
hadronic cascades discussed below, non-compensation also contributes to
the constant term. One additional contribution to the constant term for
calorimeters built for modern high-energy physics experiments, operated
in a high-beam intensity environment, is radiation damage of the active
medium. This can be minimized by developing radiation-hard active
media [45] and by frequent in situ calibration and monitoring [44,131].

* Ar =~ 35 gem~2A1/3; for actual values see pdg.1bl.gov/
AtomicNuclearProperties.
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28.7.2. Hadronic calorimeters : [1-6,131] Written April 2008 by D.
E. Groom (LBNL).

Most, large hadron calorimeters are sampling calorimeters which are
parts of complicated 47 detectors at colliding beam facilities. Typically,
the basic structure is plates of absorber (Fe, Pb, Cu, or occasionally U or
W) alternating with plastic scintillators (plates, tiles, bars), liquid argon
(LAr), or gaseous detectors. The ionization is measured directly, as in
LAr calorimeters, or via scintillation light observed by photodetectors
(usually PMT’s). Waveshifting fibers are often used to solve difficult
problems of geometry and light collection uniformity. Silicon sensors are
being studied for ILC detectors; in this case e-h pairs are collected. There
are as many variants of these schemes as there are calorimeters, including
variations in geometry of the absorber and sensors, e.g., scintillating fibers
threading an absorber [134], and the “accordion” LAr detector, with
zig-zag absorber plates to minimize channeling effects. Another departure
from the traditional sandwich structure is the LAr-tube design.

A relatively new variant is the use of Cerenkov light in hadron
calorimetry. Such a calorimeter is sensitive to e*’s in the EM showers
plus a few relativistic pions. An example is the radiation-hard forward
calorimeter in CMS, with iron absorber and quartz fiber readout by
PMT’s.

In an inelastic hadronic collision a significant fraction fey, of the
energy is removed from further hadronic interaction by the production
of secondary 79’s and n’s, whose decay photons generate high-energy
electromagnetic (EM) cascades. Charged secondaries (7%, p, ...) deposit
energy via ionization and excitation, but also interact with nuclei,
producing spallation protons and neutrons, evaporation neutrons, and
recoiling nuclei in highly excited states. The charged collision products
produce detectable ionization, as do the showering y-rays from the prompt
de-excitation of highly excited nuclei. The recoiling nuclei generate little
or no detectable signal. The neutrons lose kinetic energy in elastic
collisions over hundreds of ns, gradually thermalize and are captured,
with the production of more ~-rays—usually outside the acceptance gate
of the electronics. Between endothermic spallation losses, nuclear recoils,
and late neutron capture, a significant fraction of the hadronic energy
(20%-35%, depending on the absorber and energy of the incident particle)
is invisible.

The decrease in the average value of the hadronic energy fraction
((fn) = 1 = (fem)) as the projectile energy E increases is fairly well
described by the power law [135,136]

(fn) = (E/Eg)™ 1 (for E > Ey) , (28.28)
up to at least a few hundred GeV. The exponent m is in the range
0.80-0.87, but must be obtained experimentally for each calorimeter
configuration. Ej is roughly the energy for the onset of inelastic collisions.
It is 1 GeV or a little less for incident pions.

In a hadron-nucleus collision a large fraction of the incident energy is
carried by a “leading particle” with the same quark content as the incident
hadron. If the projectile is a charged pion, the leading particle is usually a
pion, which can be neutral and hence contributes to the EM sector. This
is not true for incident protons. The result is an increased mean hadronic
fraction for incident protons: in Eq. (28.29b) Ep ~ 2.6 GeV [135,137].

The EM energy deposit is usually detected more efficiently than the
hadronic energy deposit. If the detection efficiency for the EM sector is e
and that for the hadronic sector is h, then the ratio of the mean response
to a pion to that for an electron is

m/e = (fem) + (fu)h/e =1 — (1 — h/e){fn) (28.29q)
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~1—(1—h/e)(E/E)™ . (28.29b)
If h # e the hadronic response is not a linear function of energy. Ounly the
product (1 — h/e)Eéfm can be obtained by measuring /e as a function of
energy. Since 1 —m is small and Ey ~ 1 GeV for the usual pion-induced
cascades, this fact is usually ignored and h/e is reported.

The discussion above assumes an idealized calorimeter, with the same
structure throughout and without leakage.

For h/e # 1, fluctuations in fen, significantly contribute to the
resolution, in particular contributing a larger fraction of the variance at
high energies. Since the fep, distribution has a tail on the high side, the
calorimeter response is non-Gaussian with a high-energy tail if h/e < 1.
Noncompensation (h/e # 1) thus seriously degrades resolution as well as
producing a nonlinear response.

It is clearly desirable to compensate the response, i.e., to design
the calorimeter such that h/e = 1. This is possible only in a sampling
calorimeter, where several variables can be chosen or tuned. The EM
sensitivity can be decreased, e.g. by tuning the absorber/sampling
thickness ratio, cladding the high-Z absorber with lower-Z material,
introducing lower-Z absorber such as G10, etc.. Alternatively (or and),
the hadronic sensitivity may be increased, e.g. by using a hydrogenic
sampling material (butane-filled proportional counters, scintillator) so
that the abundant neutrons create highly-ionizing recoil protons via n-p
scattering.

Motivated very much by the work of Brau, Gabriel, Briickmann, and
Wigmans [140], several groups built calorimeters which were very nearly
compensating. The degree of compensation was sensitive to the acceptance
gate width, and so could be somewhat tuned.

The fractional resolution can be represented by

o ai(E) Rl ENT?
N

= ®l1-=

e
The coefficient a1 is expected to have mild energy dependence for a
number of reasons. For example, the sampling variance is (7/e)E rather

than E. (E/E1)"! is an empirical parameterization of Ofor- At a time

when data were of lower quality, a plot of (¢/F)? vs 1/E was apparently
well-described by a straight line (constant a) with a finite intercept—the
square of the right term in Eq. (28.32), then called “the constant term.”
Modern data show the slight downturn [134].

Further discussion and all references may be found in the full Review
of Particle Physics. The numbering of references and equations used here
corresponds to that version.
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29. RADIOACTIVITY AND RADIATION PROTECTION

Revised Sept. 2007 by S. Roesler (CERN) and J.C. Liu (SLAC).
29.1. Definitions

The International Commission on Radiation Units and Measurements
(ICRU) recommends the use of SI units. Therefore we list SI units first,
followed by cgs (or other common) units in parentheses, where they differ.
e Activity (unit: Becquerel):

1 Bq = 1 disintegration per second (= 27 pCi).

e Absorbed dose (unit: Gray): The absorbed dose is the energy
imparted by ionizing radiation in a volume element of a specified material
divided by the mass of this volume element.

1 Gy =1 J/kg (= 10* erg/g = 100 rad)

= 6.24 x 1012 MeV /kg deposited energy.
e Kerma (unit: Gray): Kerma is the sum of the initial kinetic energies of
all charged particles liberated by indirectly ionizing particles in a volume
element of the specified material divided by the mass of this volume
element.
e Exposure (unit: C/kg of air [= 3880 Roentgenf]): The exposure is
a measure of photon fluence at a certain point in space integrated over
time, in terms of ion charge of either sign produced by secondary electrons
in a small volume of air about the point. Implicit in the definition is
the assumption that the small test volume is embedded in a sufficiently
large uniformly irradiated volume that the number of secondary electrons
entering the volume equals the number leaving (so-called charged particle
equilibrium).

Table 29.1: Radiation weighting factors, wg.

Radiation type WR

Photons 1

Electrons and muons 1

Neutrons, Ep < 1 MeV 2.5 4 18.2 x exp[—(In E,,)2 /6]
1 MeV < E, <50 MeV 5.0+ 17.0 x exp[—(In(2F,))? /6]
E,, > 50 MeV 2.5+ 3.25 x exp[—(In(0.04E,))2 /6]

Protons and charged pions 2

Alpha particles, fission

fragments, heavy ions 20

e Equivalent dose (unit: Sievert [= 100 rem (roentgen equivalent in
man)]):  The equivalent dose Hy in an organ or tissue 7T is equal to the
sum of the absorbed doses D r in the organ or tissue caused by different
radiation types R weighted with so-called radiation weighting factors wp:

HT = Z’LUR X DT,R . (29.1)
R

T This unit is somewhat historical, but appears on some measuring in-
struments. One R is the amount of radiation required to liberate positive
and negative charges of one electrostatic unit of charge in 1 cm? of air at
standard temperature and pressure (STP)
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It expresses long-term risks (primarily cancer and leukemia) from low-level
chronic exposure. The values for wp recommended recently by ICRP [1]
are given in Table 29.1. e Effective dose (unit: Sievert): The sum of the
equivalent doses, weighted by the tissue weighting factors wp (3 rwr =1)
of several organs and tissues 1" of the body that are considered to be most
sensitive [2], is called “effective dose” E:

E=Y wpxHp. (29.2)
T

29.2. Radiation levels [3]

e Natural annual background, all sources: Most world areas, whole-
body equivalent dose rate ~ (0.4-4) mSv (40-400 mrem). Can range up
to 50 mSv (5 rem) in certain areas. U.S. average ~ 3.6 mSv, including
~ 2 mSv (&~ 200 mrem) from inhaled natural radioactivity, mostly radon
and radon daughters. (Average is for a typical house and varies by more
than an order of magnitude. It can be more than two orders of magnitude
higher in poorly ventilated mines. 0.1-0.2 mSv in open areas.)
e Cosmic ray background (sea level, mostly muons):
~ 1 min~! em™2 sr~1. For more accurate estimates and details, see the
Cosmic Rays section (Sec. 24 of this Review).
e Fluence (per cm?) to deposit one Gy, assuming uniform irradiation:

~ (charged particles) 6.24x10°/(dE/dz), where dE/dz (MeV
g~ ! (:1r12)7 the energy loss per unit length, may be obtained from Figs.
27.3 and 27.4 in Sec. 27 of the Review, and pdg.1bl.gov/AtomicNuclear
Properties.

~ 3.5 x 109 cm™2 minimum-ionizing singly-charged particles in carbon.

~ (photons) 6.24x10%/[Ef/f], for photons of energy E (MeV),
attenuation length ¢ (g em™2), and fraction f <1 expressing the fraction
of the photon’s energy deposited in a small volume of thickness < ¢ but
large enough to contain the secondary electrons.

~ 2 x 10! photons em™2 for 1 MeV photons on carbon (f = 1/2).
¢ Recommended limits of effective dose to radiation workers
(whole-body dose):*

EU/Switzerland: 20 mSv yr—!

U.S.: 50 mSv yr~! (5 rem ylr_l)lr
e Lethal dose: The whole-body dose from penetrating ionizing radiation
resulting in 50% mortality in 30 days (assuming no medical treatment)
is 2.5-4.5 Gy (250-450 rad), as measured internally on body longitudinal
center line. Surface dose varies due to variable body attenuation and may
be a strong function of energy.
e Cancer induction by low LET radiation: The cancer induction
probability is about 5% per Sv on average for the entire population [2].

Footnotes:

* The ICRP recommendation [2] is 20 mSv yr~! averaged over 5 years,
with the dose in any one year < 50 mSv.

t Many laboratories in the U.S. and elsewhere set lower limits.

See full Review for references and further details.
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30. COMMONLY USED RADIOACTIVE SOURCES

Table 30.1. Revised November 1993 by E. Browne (LBNL).

Particle

Photon

Type of Energy Emission

Energy Emission

Nuclide Half-life decay (MeV) prob. (MeV)  prob.
ffNa 2.603y BT, EC 0.545 90% 0.511  Annih.
1.275  100%
4Mn 0855y EC 0.835  100%
Cr K x rays 26%
ggFe 273y EC Mn K x rays:
0.00590 24.4%
0.00649 2.86%
37Co 0.744y  EC 0.014 9%
0.122  86%
0.136  11%
Fe K x rays 58%
§9Co 5271y A~ 0.316 100% 1.173  100%
1.333  100%
g%Ge 0.742y EC Ga K x rays 44%
— %BGa BT, EC 1.899 90% 0.511  Annih.
1.077 3%
3asr 285y B~ 0546 100%
— %Y g- 2283 100%
106Ru 1.020y B~ 0.039 100%
— 105Rh B~ 3.541 79% 0.512 21%
0.622  10%
1%cd 1267y EC  0.063 ¢ 1% 0.088  3.6%
0.084 e 45% Ag K x rays 100%
0.087 e 9%
H33n 0315y EC 0364e 29% 0.392  65%
0.388 ¢ 6% In K x rays 97%
187Cs 302y B 0514 94% 0.662  85%
1.176 6%
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133Ba 1054y EC  0.045 e~ 50% 0.081  34%
0.075 e~ 6% 0.356  62%

Cs K x rays 121%
2TBi 31.8y EC  048le” 2% 0.569  98%
0.975 e~ 7% 1.063  75%
1.047 e~ 2% 1.770 7%

Pb K x rays 78%
28Th 1.912y 6oz 5.341 to 8.785 0.239  44%
387:  0.334 to 2.246 0.583  31%
2614  36%

( 224Ra 220Rn 216PO 212Pb N 212]31 _ 212P0)

2 Am 4327y o 5443 13% 0.060  36%

5.486 85% Np L x rays 38%

241Am/Be 4322y 6 x 1072 neutrons (4-8 MeV) and
4 x 10759’s (4.43 MeV) per Am decay

HiCm 1811y a 5.763 24% Pu L x rays ~ 9%
5.805 76%

Bt 2.645y « (97%) 6.076 15%
6.118 82%

Fission (3.1%)
~ 20 ~’s/fission; 80% < 1 MeV
~ 4 neutrons/fission; (E,) = 2.14 MeV

“Emission probability” is the probability per decay of a given emission;
because of cascades these may total more than 100%. Only principal
emissions are listed. EC means electron capture, and e~ means
monoenergetic internal conversion (Auger) electron. The intensity of 0.511
MeV eTe™ annihilation photons depends upon the number of stopped
positrons. Endpoint ,C?’i energies are listed. In some cases when energies
are closely spaced, the vy-ray values are approximate weighted averages.
Radiation from short-lived daughter isotopes is included where relevant.

Half-lives, energies, and intensities are from E. Browne and R.B. Firestone,
Table of Radioactive Isotopes (John Wiley & Sons, New York, 1986), recent
Nuclear Data Sheets, and X-ray and Gamma-ray Standards for Detector
Calibration, IAEA-TECDOC-619 (1991).

Neutron data are from Neutron Sources for Basic Physics and Applications
(Pergamon Press, 1983).
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31. PROBABILITY
Revised September 2007 by G. Cowan (RHUL).

The following is a much-shortened version of Sec. 31 of the full Review.
Equation, section, and figure numbers follow the Review.

31.2. Random variables

e Probability density function (p.d.f.): x is a random variable.
Continuous:  f(z;0)dx = probability x is between z to z + dz, given
parameter(s) 6;
Discrete: f(z;0) = probability of x given 6.

o Cumulative distribution function:
a
F(a) = / f(z) dz . (31.6)
—00

Here and below, if z is discrete-valued, the integral is replaced by a sum.
The endpoint a is induced in the integral or sum.

e Expectation values: Given a function u:

Eu(z)] = /'oo u(z) f(z) dz . (31.7)
o Moments: -
nth moment of a random variable: ap = E[z"] , (31.8a)
nth central moment: my = E[(x —aq)"] . (31.8b)
Mean: L= . (31.9a)
Variance: 2 =Vz]=mo=as—p?. (31.90)

Coefficient of skewness: v, = mg/o>.
Kurtosis: o = m4/04 -3.
Median: F(2yeq) = 1/2.

e Marginal p.d.f.: Let x,y be two random variables with joint p.d.f.
f(z,9) o0 00
h@ = [ tewd:  po)=[ fepd.  GL0
—0oQ —00

e Conditional p.d.f.:
fa(zly) = f(z,9)/ f2(y) ;. f3(ylz) = f(z,y)/ fr(z) .

e Bayes’ theorem:

flo)fi(x) _ fa(yle) fi(z)

fa(zly) = = — . 31.11
W =TT00 T ThGAW) & .
e Correlation coefficient and covariance:
o0 o0
fa = / / zf(z,y) de dy , (31.12)
—o0 J—00

pay = E [(x = pa)(y — ny)] oz oy = covlz,y]/oz oy ,
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o :/ / (x — pe)® f(z,y) dz dy . Note pg, < 1.
—00 —00

o Independence: x,y are independent if and only if f(z,y) = fi(x) - fo(y);
then pry =0, Elu(z) v(y)] = Elu(z)] Elv(y)] and Viz+y] = Viz]+V]y].

e Change of variables: From x = (z1,...,2n) t0 ¥y = (Y1,-.-,Yn):
g9(y) = f (z(y)) - |J| where |J| is the absolute value of the determinant of
the Jacobian J;; = 0z;/0y;. For discrete variables, use |.J| = 1.

31.3. Characteristic functions

Given a pdf f(z) for a continuous random variable z, the characteristic

function ¢(u) is given by (31.6). Its derivatives are related to the algebraic
moments of x by (31.7).

o) = B[] = /, e () do (31.17)

If the p.d.fis fi(x) and fa(y) for independent random variables x and
y have characteristic functions ¢1(u) and ¢o(u), then the characteristic
function of the weighted sum ax + by is ¢1(aw)pa(bu). The additional rules
for several important distributions (e.g., that the sum of two Gaussian
distributed variables also follows a Gaussian distribution) easily follow
from this observation.

31.4. Some probability distributions
See Table 31.1.

31.4.3. Normal or Gaussian distribution :
Its cumulative distribution, for mean 0 and variance 1, is usually tabulated
as the error function

F(z:0,1) = 1 [1 +erf(z/V2)] . (31.24)

For mean p and variance o2, replace z by (2 — p)/o. The error function is
acessible in libraries of computer routines such as CERNLIB.

P(z in range p + o) = 0.6827,

P(z in range p + 0.67450) = 0.5,

El|z — p|] = \/2/70 = 0.79790,

half-width at half maximum = v2In2-0 =1.1770.

For n Gaussian random variables x;, the joint p.d.f. is the multivariate
Gaussian:

Flap, V) = exp [~ - TV @ -], [VI>0.

(31.27)
V' is the n x n covariance matriz; Vi; = E[(x; — p3) (x5 — pj)] = pij 0405,
and V;; = V[xz;]; |[V] is the determinant of V. For n =2, f(z;u, V) is

1
(@2m)n/2\/[V]

1 -1
f(x1,m2; pa, p2, 01,02, p) = ———= X eXp{i
2ro1094/1 — p? 2(1—p?)
2 2
T — [ 2p(x1 — T — LU To — [t
(@1 = )" 2p(x1 = m)(z2 —pa) | (22— p2) L (31.28)
0’% 01092 cr%
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The marginal distribution of any x; is a Gaussian with mean p; and
variance Vj;. V is n X n, symmetric, and positive definite. Therefore for
any vector X, the quadratic form XTV~1X = C, where C is any positive
number, traces an n-dimensional ellipsoid as X varies. If X; = z; — p;,
then C' is a random variable obeying the x2 distribution with n degrees
of freedom, discussed in the following section. The probability that X
corresponding to a set of Gaussian random variables z; lies outside
the ellipsoid characterized by a given value of C' (= x2) is given by
1- FX2 (C;n), where Fxg is the cumulative x? distribution. This may
be read from Fig. 32.1. For example, the “s-standard-deviation ellipsoid”
occurs at C = s2. For the two-variable case (n = 2), the point X lies
outside the one-standard-deviation ellipsoid with 61% probability. The
use of these ellipsoids as indicators of probable error is described in
Sec. 32.3.2.4; the validity of those indicators assumes that g and V are
correct.

31.4.4. x2 distribution :

If z1,...,xy are independent Gaussian random variables, the sum

z =0 (z; — ui)z/af follows the x2 p.d.f. with n degrees of freedom,
which we denote by x2(n). More generally, for n correlated Gaussian
variables as components of a vector X with covariance matrix V,
z=XTy-1X follows X2(n) as in the previous section. For a set of z;,
each of which follows x%(n;), 3 z follows x2(3_n;). For large n, the x2
p-d.f. approaches a Gaussian with mean y = n and variance o2 = 2n.
The x2 p.d.f. is often used in evaluating the level of compatibility between
observed data and a hypothesis for the p.d.f. that the data might follow.
This is discussed further in Sec. 32.2.2 on tests of goodness-of-fit.

See the full Review for further discussion and all references.
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32. STATISTICS
Revised September 2007 by G. Cowan (RHUL).

There are two main approaches to statistical inference, which we
may call frequentist and Bayesian. In frequentist statistics, probability is
interpreted as the frequency of the outcome of a repeatable experiment.
The most important tools in this framework are parameter estimation,
covered in Section 32.1, and statistical tests, discussed in Section 32.2.
Frequentist confidence intervals, which are constructed so as to cover the
true value of a parameter with a specified probability, are treated in
Section 32.3.2. Note that in frequentist statistics one does not define a
probability for a hypothesis or for a parameter.

In Bayesian statistics, the interpretation of probability is more general
and includes degree of belief (called subjective probability). One can then
speak of a probability density function (p.d.f.) for a parameter, which
expresses one’s state of knowledge about where its true value lies. Using
Bayes’ theorem Eq. (31.4), the prior degree of belief is updated by the
data from the experiment. Bayesian methods for interval estimation are
discussed in Sections 32.3.1 and 32.3.2.6

32.1. Parameter estimation

Here we review the frequentist approach to point estimation of
parameters. An estimator 0 (written with a hat) is a function of the data
whose value, the estimate, is intended as a meaningful guess for the value
of the parameter 6.

32.1.1. Estimators for mean, variance and median :

Suppose we have a set of N independent measurements, x;, assumed
to be unbiased measurements of the same unknown quantity p with a
common, but unknown, variance o2. Then

1 N
ey (32.4)
i=1
o2 = N1 l(xi —n)? (32.5)
i=

are unbiased estimators of y and o2. The variance of fi is o2 /N and the

—

variance of o2 is

Fewlom) e

where my is the 4th central moment of x. For Gaussian distributed z;,
this becomes 20*/(N — 1) for any N > 2, and for large N, the standard

deviation of & (the “error of the error”) is o/v2N. Again, if the x; are
Gaussian, 7i is an efficient estimator for p, and the estimators fi and o2

are uncorrelated. Otherwise the arithmetic mean (32.4) is not necessarily
the most efficient estimator.

If the x; have different, known variances 01-2, then the weighted average

g~

N
= Z WiT; (32.7)
i=1
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is an unbiased estimator for p with a smaller variance than an unweighted
average; here w; = 1/ 01-2 and w = ), w;. The standard deviation of 7 is

1/vw.

32.1.2. The method of mazximum likelihood :

Suppose we have a set of N measured quantities € = (z1,...,zy)
described by a joint p.d.f. f(x;0), where 8 = (01,...,0y) is set of n
parameters whose values are unknown. The likelihood function is given
by the p.d.f. evaluated with the data x, but viewed as a function of the
parameters, i.e., L(0) = f(x;0). If the measurements z; are statistically
independent and each follow the p.d.f. f(z;0), then the joint p.d.f. for
factorizes and the likelihood function is

N
(0) = [] f(@:6) - (32.8)
=1

The method of maximum likelihood takes the estimators @ to be those
values of 0 that maximize L(6).

Note that the likelihood function is not a p.d.f. for the parameters 0;
in frequentist statistics this is not defined. In Bayesian statistics, one can
obtain from the likelihood the posterior p.d.f. for @, but this requires
multiplying by a prior p.d.f. (see Sec. 32.3.1).

It is usually easier to work with In L, and since both are maximized for
the same parameter values 6, the maximum likelihood (ML) estimators
can be found by solving the likelihood equations,

OlnL
=0
00; ’

i=1,...,n. (32.9)

In evaluating the likelihood function, it is important that any
normalization factors in the p.d.f. that involve 8 be included.

The inverse V1 of the covariance matrix Vij = cov[@-7 HA]] for a set of
ML estimators can be estimated by using

PN Pl
Viy=—-——21 . 32.10
( )Z] 691 89] @ ( )
For finite samples, however, Eq. (32.10) can result in an underestimate
of the variances. In the large sample limit (or in a linear model with
Gaussian errors), L has a Gaussian form and In L is (hyper)parabolic. In
this case, it can be seen that a numerically equivalent way of determining
s-standard-deviation errors is from the contour given by the 8’ such that

In L(8") = In Linax — 52/2, (32.11)

where In Lyax is the value of InL at the solution point (compare
with Eq. (32.48)). The extreme limits of this contour on the 6; axis
give an approximate s-standard-deviation confidence interval for 6; (see
Section 32.3.2.4).

32.1.3. The method of least squares :

The method of least squares (LS) coincides with the method of maximum
likelihood in the following special case. Consider a set of N independent
measurements y; at known points z;. The measurement y; is assumed
to be Gaussian distributed with mean F(z;;0) and known variance o7 .
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The goal is to construct estimators for the unknown parameters 8. The
likelihood function contains the sum of squares

N 2
209 — o N~ Wi = F(xi;0))
Xx“(0) = —2InL(0) + constant = E 0 (32.13)
i—1 i

The set of parameters @ which maximize L is the same as those which
minimize x?.

The minimum of Equation (32.13) defines the least-squares estimators 0
for the more general case where the y; are not Gaussian distributed as long
as they are independent. If they are not independent but rather have a
covariance matrix Vj; = cov[y;,;], then the LS estimators are determined
by the minimum of

X*(0) = (y~FO)'V 'y~ F0), (32.14)
where y = (y1,...,yn) is the vector of measurements, F(0) is the
corresponding vector of predicted values (understood as a column vector
in (32.14)), and the superscript T denotes transposed (i.e., row) vector.

In many practical cases, one further restricts the problem to the
situation where F'(z;;0) is a linear function of the parameters, i.e.,

m
F(z;;0) =) 0jhj(z;) - (32.15)
j=1
Here the h;(x) are m linearly independent functions, e.g., 1, z, 22, L,

or Legendre polynomials. We require m < N and at least m of the x;
must be distinct.

Minimizing x? in this case with m parameters reduces to solving a
system of m linear equations. Defining H;; = h;(z;) and minimizing X2
by setting its derivatives with respect to the 6; equal to zero gives the LS
estimators,

0=H'V ) 'HTV 1y = Dy . (32.16)
The covariance matrix for the estimators U;; = cov[@-, 5]] is given by
U=pvDl =@Tv-1m)!. (32.17)

Expanding x2(8) about §, one finds that the contour in parameter space
defined by

2(0) = X2(0) +1 =2y + 1 (32.23)

has tangent planes located at plus-or-minus-one standard deviation o5

from the LS estimates 6.
As the minimum value of the x2 represents the level of agreement
between the measurements and the fitted function, it can be used for

assessing the goodness-of-fit; this is discussed further in Section 32.2.2.

32.1.4. Propagation of errors :

Consider a set of n quantities @ = (01, ...,0,) and a set of m functions
n(0) = (n(0),...,nm(0)). Suppose we have estimated 0= (@\1, AU §n),
using, say, maximum-likelihood or least-squares, and we also know or
have estimated the covariance matrix V;; = cov[@, gj] The goal of error
propagation is to determine the covariance matrix for the functions,
U;j = covln;,7;], where ) = n(é) In particular, the diagonal elements
U;; = V[m;] give the variances. The new covariance matrix can be found
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by expanding the functions (@) about the estimates 9 to first order in a
Taylor series. Using this one finds

Z E)m 87/]
00, 09 |
This can be written in matrix notation as U ~ AV AT where the matrix of
derivatives A is

Vil - (32.24)

0 ong

Aij = 80

(32.25)

and AT is its transpose. The approximation is exact if n(0) is linear.
32.2. Statistical tests

32.2.1. Hypothesis tests :

Consider an experiment whose outcome is characterized by a vector of
data . A hypothesis is a statement about the distribution of . It could,
for example, define completely the p.d.f. for the data (a simple hypothesis),
or it could specify only the functional form of the p.d.f., with the values of
one or more parameters left open (a composite hypothesis).

A statistical test is a rule that states for which values of x a given
hypothesis (often called the null hypothesis, Hy) should be rejected in favor
of its complementary alternative Hi. This is done by defining a region of
x-space called the critical region; if the outcome of the experiment lands
in this region, Hy is rejected, otherwise it is accepted.

Rejecting Hy if it is true is called an error of the first kind. The
probability for this to occur is called the size or significance level of the
test, a, which is chosen to be equal to some pre-specified value. It can also
happen that Hy is false and the true hypothesis is the alternative, Hy. If
Hy is accepted in such a case, this is called an error of the second kind,
which will have some probability 8. The quantity 1 — (3 is called the power
of the test to reject Hy.

In particle physics terminology, the probability to accept the signal
hypothesis, Hy, is the selection efficiency, i.e., one minus the significance
level. The efficiencies for the various background processes are given by
one minus the power. Often one tries to construct a test to minimize the
background efficiency for a given signal efficiency. The Neyman—Pearson
lemma states that this is done by defining the acceptance region such that,
for « in that region, the ratio of p.d.f.s for the hypotheses Hy and Hjy,

[ (z|Ho)
Az) F@lm) (32.26)
is greater than a given constant, the value of which is chosen to give
the desired signal efficiency. This is equivalent to the statement that
(32.26) represents the test statistic with which one may obtain the highest
purity sample for a given signal efficiency. It can be difficult in practice,
however, to determine \(x), since this requires knowledge of the joint
p.d.fs f(x|Hp) and f(x|H1).

In the usual case where the likelihood ratio (32.26) cannot be used
explicitly, there exist a variety of other multivariate classifiers that
effectively separate different types of events. Methods often used in
HEP include neural networks or Fisher discriminants (see Ref. 10).
Recently, further classification methods from machine-learning have been
applied in HEP analyses; these include probability density estimation
(PDE) techniques, kernel-based PDE (KDE or Parzen window), support
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vector machines, and decision trees. Techniques such as “boosting” and
“bagging” can be applied to combine a number of classifiers into a stronger
one with greater stability with respect to fluctuations in the training data.

32.2.2. Significance tests :

Often one wants to quantify the level of agreement between the data
and a hypothesis without explicit reference to alternative hypotheses. This
can be done by defining a statistic ¢, which is a function of the data whose
value reflects in some way the level of agreement between the data and the
hypothesis.

The hypothesis in question, say, Hy, will determine the p.d.f. g(¢t|Hp)
for the statistic. The significance of a discrepancy between the data and
what one expects under the assumption of Hy is quantified by giving the
p-value, defined as the probability to find ¢ in the region of equal or lesser
compatibility with Hg than the level of compatibility observed with the
actual data. For example, if ¢ is defined such that large values correspond
to poor agreement with the hypothesis, then the p-value would be

b= /:o o(t|Ho) dt | (32.27)

obs

where %, is the value of the statistic obtained in the actual experiment.
The p-value should not be confused with the size (significance level) of a
test, or the confidence level of a confidence interval (Section 32.3), both of
which are pre-specified constants.

The p-value is a function of the data, and is therefore itself a random
variable. If the hypothesis used to compute the p-value is true, then
for continuous data, p will be uniformly distributed between zero and
one. Note that the p-value is not the probability for the hypothesis;
in frequentist statistics, this is not defined. Rather, the p-value is the
probability, under the assumption of a hypothesis Hy, of obtaining data at
least as incompatible with Hg as the data actually observed.

When estimating parameters using the method of least squares, one
obtains the minimum value of the quantity x2 (32.13). This statistic can
be used to test the goodness-of-fit, i.e., the test provides a measure of
the significance of a discrepancy between the data and the hypothesized
functional form used in the fit. It may also happen that no parameters
are estimated from the data, but that one simply wants to compare a
histogram, e.g., a vector of Poisson distributed numbers n = (ny,...,ny),
with a hypothesis for their expectation values v; = E[n;]. As the
distribution is Poisson with variances o2 = v;, the y? (32.13) becomes
Pearson’s X2 statistic,

N (n; — v3)?
=)o (32.28)
- Y
If the hypothesis v = (v1,...,vy) is correct, and if the measured values

n; in (32.28) are sufficiently large (in practice, this will be a good
approximation if all n; > 5), then the x2 statistic will follow the x?2
p.d.f. with the number of degrees of freedom equal to the number of
measurements N minus the number of fitted parameters. The same holds
for the minimized x2 from Eq. (32.13) if the y; are Gaussian.

Assuming the goodness-of-fit statistic follows a 2 p.d.f., the p-value for
the hypothesis is then

p= /XZO f(znq)dz, (32.29)
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Figure 32.1: One minus the x? cumulative distribution, 1—F(x?;n),
for n degrees of freedom. This gives the p-value for the x2 goodness-
of-fit test as well as one minus the coverage probability for confidence
regions (see Sec. 32.3.2.4).
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where f(z;nq) is the X2 p.d.f. and nq is the appropriate number of degrees
of freedom. Values can be obtained from Fig. 32.1 or from the CERNLIB
routine PROB or the ROOT function TMath: :Prob.

Since the mean of the x? distribution is equal to n4, one expects in a
“reasonable” experiment to obtain y2 &~ ng. Hence the quantity x2 /ngq is
sometimes reported. Since the p.d.f. of x? /nq depends on ng, however,
one must report ng as well in order to make a meaningful statement. The
p-values obtained for different values of x2 /nq are shown in Fig. 32.2.

32.3. Confidence intervals and limits

When the goal of an experiment is to determine a parameter 6,
the result is usually expressed by quoting, in addition to the point
estimate, some sort of interval which reflects the statistical precision of the
measurement. InA the simplest case, this can be given by the parameter’s
(/e\stirnated value # plus or minus an estimate of the standard deviation of
0, o5 If, however, the p.d.f. of the estimator is not Gaussian or if there
are physical boundaries on the possible values of the parameter, then
one usually quotes instead an interval according to one of the procedures
described below.

32.3.1. The Bayesian approach :

Suppose the outcome of the experiment is characterized by a vector of
data x, whose probability distribution depends on an unknown parameter
(or parameters) 6 that we wish to determine. In Bayesian statistics, all
knowledge about 6 is summarized by the posterior p.d.f. p(@|z), which
gives the degree of belief for 8 to take on values in a certain region given
the data «. It is obtained by using Bayes’ theorem,

L(z|0)m(6)

MO = TG0 @

(32.30)
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0 10 20 30 40 50
Degrees of freedom n

Figure 32.2: The ‘reduced’ x2, equal to )(2/717 for n degrees
of freedom. The curves show as a function of n the x2?/n that
corresponds to a given p-value.

where L(x|0) is the likelihood function, i.e., the joint p.d.f. for the data
given a certain value of 8, evaluated with the data actually obtained in the
experiment, and (@) is the prior p.d.f. for 8. Note that the denominator
in Eq. (32.30) serves simply to normalize the posterior p.d.f. to unity.

In the single parameter case, for example, an interval (called a Bayesian
or credible interval) [6),,0up] can be determined which contains a given
fraction 1 — « of the posterior probability, i.e.,

Oy
1« :/ " p(0]z)do . (32.31)
%

lo

Sometimes an upper or lower limit is desired, i.e., 0), can be set to zero
or fyp to infinity. In other cases, one might choose 6, and 6y, such that
p(f|x) is higher everywhere inside the interval than outside; these are
called highest posterior density (HPD) intervals. Note that HPD intervals
are not invariant under a nonlinear transformation of the parameter.

The main difficulty with Bayesian intervals is in quantifying the prior
beliefs.

If a parameter is constrained to be non-negative, then the prior p.d.f.
can simply be set to zero for negative values. An important example is
the case of a Poisson variable n, which counts signal events with unknown
mean s, as well as background with mean b, assumed known. For the
signal mean s, one often uses the prior

m(s) = {(1) z ; 8 . (32.32)

In the absence of a clear discovery, (e.g., if n = 0 or if in any case n is
compatible with the expected background), one usually wishes to place an
upper limit on s. Using the likelihood function for Poisson distributed n,
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3 b n
L(n|s) = @e—@“’) ., (32.33)
n!
along with the prior (32.32) in (32.30) gives the posterior density for s.
An upper limit syp at confidence level (or here, rather, credibility level)
1 — « can be obtained by requiring

p(s|n)ds = (32.34)

J—o0 J2o  Lin|s)m(s)ds

where the lower limit of integration is effectively zero because of the cut-off
in 7(s). By relating the integrals in Eq. (32.34) to incomplete gamma
functions, the equation reduces to

S —o(Sup +b)™/ml
> b™/m! ’

This must be solved numerically for the limit sy,. For the special case of

17&:/5up M

a = e fup

(32.35)

b = 0, the sums can be related to the quantile FXEI of the x2 distribution

(inverse of the cumulative distribution) to give
Sup = %Fxgl(l —a;ng) , (32.36)

where the number of degrees of freedom is ng = 2(n + 1). The quantile of
the x2 distribution can be obtained using the CERNLIB routine CHISIN,
or the ROOT function TMath::ChisquareQuantile. It so happens that
for the case of b = 0, the upper limits from Eq. (32.36) coincide numerically
with the values of the frequentist upper limits discussed in Section 32.3.2.5.
Values for 1 — a = 0.9 and 0.95 are given by the values v in Table 32.3.

Bayesian statistics provides a framework for incorporating systematic
uncertainties into a result. Suppose, for example, that a model depends
not only on parameters of interest 0, but on nuisance parameters v,
whose values are known with some limited accuracy. For a single nuisance
parameter v, for example, one might have a p.d.f. centered about its
nominal value with a certain standard deviation o,. Often a Gaussian
p.d.f. provides a reasonable model for one’s degree of belief about a
nuisance parameter; in other cases, more complicated shapes may be
appropriate. The likelihood function, prior, and posterior p.d.f.s then all
depend on both 6 and v, and are related by Bayes’ theorem, as usual.
One can obtain the posterior p.d.f. for € alone by integrating over the
nuisance parameters, i.e.,

p(0|z) = /p(B,V|m)du. (32.37)

32.3.2. Frequentist confidence intervals :

32.3.2.1. The Neyman construction for confidence intervals:

Consider a p.d.f. f(x;0) where x represents the outcome of the
experiment and 6 is the unknown parameter for which we want to
construct a confidence interval. The variable & could (and often does)
represent an estimator for 6. Using f(x;6), we can find for a pre-specified
probability 1 — «, and for every value of 0, a set of values x (0, «) and
z2(0, ) such that
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T3
P(zq <x<x2;9):17a:/ f(z;0)dx . (32.39)
31

This is illustrated in Fig. 32.3: a horizontal line segment [z1 (0, ), x2(6, &)]
is drawn for representative values of §. The union of such intervals for all
values of 0, designated in the figure as D(a), is known as the confidence
belt. Typically the curves z1(f, @) and x2(6, ) are monotonic functions of
0, which we assume for this discussion.

b=

™ xy(8), 8,(%)

X,(0), 0,()

parameter 6

— Xl(:90> xzéeo)

Possible experimental values x

Figure 32.3: Construction of the confidence belt (see text).

Upon performing an experiment to measure z and obtaining a value
xp, one draws a vertical line through zy. The confidence interval for 6
is the set of all values of 6 for which the corresponding line segment
[x1(0, ), 22(0, )] is intercepted by this vertical line. Such confidence
intervals are said to have a confidence level (CL) equal to 1 — .

Now suppose that the true value of 4 is 6y, indicated in the figure.
We see from the figure that 6p lies between 0 (z) and 02(zx) if and only
if z lies between z1(fg) and x2(fy). The two events thus have the same
probability, and since this is true for any value 6y, we can drop the
subscript 0 and obtain

1—a=Px1(0) <z <w2(0)) = P(O2(x) <0 < 01(x)) . (32.40)
In this probability statement, 6;(z) and 62(zx), i.e., the endpoints of the
interval, are the random variables and 6 is an unknown constant. If the
experiment were to be repeated a large number of times, the interval
[61,02] would vary, covering the fixed value € in a fraction 1 — a of the
experiments.

The condition of coverage in Eq. (32.39) does not determine x; and x9
uniquely, and additional criteria are needed. The most common criterion
is to choose central intervals such that the probabilities excluded below
x1 and above xg are each /2. In other cases, one may want to report
only an upper or lower limit, in which case the probability excluded below
1 or above zo can be set to zero. Another principle based on likelihood
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ratio ordering for determining which values of = should be included in the
confidence belt is discussed in Sec. 32.3.2.2

When the observed random variable z is continuous, the coverage
probability obtained with the Neyman construction is 1 — «, regardless of
the true value of the parameter. If z is discrete, however, it is not possible
to find segments [z1(6, ), 22(6, )] that satisfy Eq. (32.39) exactly for all
values of . By convention, one constructs the confidence belt requiring
the probability P(z1 < z < z2) to be greater than or equal to 1 — a.
This gives confidence intervals that include the true parameter with a
probability greater than or equal to 1 — a.

32.3.2.4. Gaussian distributed measurements:

An important example of constructing a confidence interval is when
the data consists of a single random variable x that follows a Gaussian
distribution; this is often the case when x represents an estimator for a
parameter and one has a sufficiently large data sample. If there is more
than one parameter being estimated, the multivariate Gaussian is used.
For the univariate case with known o,

1 u+o 2 /9,2 4
l—a=— —=m)?20% gy = f< ) 32.45
« 5o /Hi& e v = er Tia ( )

is the probability that the measured value z will fall within ¢ of the true
value p. From the symmetry of the Gaussian with respect to x and p, this
is also the probability for the interval x £ § to include p. Fig. 32.4 shows a
0 = 1.640 confidence interval unshaded. The choice § = o gives an interval
called the standard error which has 1 — o = 68.27% if o is known. Values
of a for other frequently used choices of § are given in Table 32.1.

f(x; 1,0)

ol2 aol2

-3 2 -1 o0
(x-wlo

Figure 32.4: Illustration of a symmetric 90% confidence interval

(unshaded) for a measurement of a single quantity with Gaussian
errors. Integrated probabilities, defined by «, are as shown.

We can set a one-sided (upper or lower) limit by excluding above = + ¢
(or below x — §). The values of « for such limits are half the values in
Table 32.1.

In addition to Eq. (32.45), o and § are also related by the cumulative
distribution function for the x? distribution,

a=1-F@3n), (32.46)
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Table 32.1: Area of the tails a outside +¢ from the mean of a
Gaussian distribution.

« 0 « 4
0.3173 lo 0.2 1.28¢
455 x1072 | 20 0.1 1.640
2.7 x1073 30 0.05 1.960
6.3x107° 40 0.01 2.58¢
5.7x1077 50 0.001 3.290
2.0x1079 60 10~4 3.890

for x2 = (6/0)? and n = 1 degree of freedom. This can be obtained from
Fig. 32.1 on the n = 1 curve or by using the CERNLIB routine PROB or
the ROOT function TMath: :Prob.

For multivariate measurements of, say, m parameter estimates
0= (671, ceey 6771), one requires the full covariance matrix V;; = cov[@, Z)\]],
which can be estimated as described in Sections 32.1.2 and 32.1.3. Under
fairly general conditions with the methods of maximum-likelihood or
least-squares in the large sample limit, the estimators will be distributed
according to a multivariate Gaussian centered about the true (unknown)
values 0, and furthermore, the likelihood function itself takes on a
Gaussian shape.

The standard error ellipse for the pair (@7@) is shown in Fig. 32.5,
corresponding to a contour y2 = anin +1orInL =InLpax —1/2. The
ellipse is centered about the estimated values 5? and the tangents to the
ellipse give the standard deviations of the estimators, o; and o;. The angle
of the major axis of the ellipse is given by

2000
tan2¢ = —4%% (32.47)
o5 —o;

where p;; = cov[«z)\i, gj]/ 0i0j is the correlation coefficient.

The correlation coefficient can be visualized as the fraction of the
distance o; from the ellipse’s horizontal centerline at which the ellipse
becomes tangent to vertical, i.e., at the distance p;jo; below the centerline
as shown. As p;; goes to +1 or —1, the ellipse thins to a diagonal line.

Ol T

SN
9—~<9

-—

Figure 32.5: Standard error ellipse for the estimators Z)\i and QA] In
this case the correlation is negative.

As in the single-variable case, because of the symmetry of the Gaussian
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Table 32.2:  Ax? or 2A1n L corresponding to a coverage probability
1 — « in the large data sample limit, for joint estimation of m
parameters.

(1—a) (%) m=1 m=2 m=3
68.27 1.00 2.30 3.53
90. 2.71 4.61 6.25
95. 3.84 5.99 7.82
95.45 4.00 6.18 8.03
99. 6.63 9.21 11.34
99.73 9.00 11.83 14.16

function between 6 and 5, one finds that contours of constant In L or
X2 cover the true values with a certain, fixed probability. That is, the
confidence region is determined by

InL(@) >InLpax — AlnL, (32.48)

or where a XZ has been defined for use with the method of least-squares,

X2(6) < X + AX (32.49)

Values of Ayx2 or 2A1In L are given in Table 32.2 for several values of the
coverage probability and number of fitted parameters.

For finite data samples, the probability for the regions determined by
equations (32.48) or (32.49) to cover the true value of @ will depend on
6, so these are not exact confidence regions according to our previous
definition.

32.3.2.5. Poisson or binomial data:

Another important class of measurements consists of counting a certain
number of events, n. In this section, we will assume these are all events of
the desired type, i.e., there is no background. If n represents the number
of events produced in a reaction with cross section o, say, in a fixed
integrated luminosity £, then it follows a Poisson distribution with mean
v = oL. If, on the other hand, one has selected a larger sample of N
events and found n of them to have a particular property, then n follows a
binomial distribution where the parameter p gives the probability for the
event to possess the property in question. This is appropriate, e.g., for
estimates of branching ratios or selection efficiencies based on a given total
number of events.

For the case of Poisson distributed n, the upper and lower limits on the
mean value v can be found from the Neyman procedure to be

Yo = $F 5 (0107 2n) (32.51a)

Vup = %Fx_zl(l —ayp;2(n+1)), (32.51b)

where the upper and lower limits are at confidence levels of 1 — o), and
1—ayp, respectively, and Fxgl is the quantile of the x? distribution (inverse

of the cumulative distribution). The quantiles F }1 can be obtained from

standard tables or from the CERNLIB routine CHISIN. For central
confidence intervals at confidence level 1 — a, set oy, = ayp = /2.
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It happens that the upper limit from Eq. (32.51a) coincides numerically
with the Bayesian upper limit for a Poisson parameter, using a uniform
prior p.d.f. for v. Values for confidence levels of 90% and 95% are shown
in Table 32.3.

Table 32.3: Lower and upper (one-sided) limits for the mean v
of a Poisson variable given n observed events in the absence of
background, for confidence levels of 90% and 95%.

1—a=90% 1—a=9%

n Yo Yup Vo Vup
0 - 2.30 - 3.00
1 0.105 3.89 0.051 4.74
2 0.532 5.32 0.355 6.30
3 1.10 6.68 0.818 7.75
4 1.74 7.99 1.37 9.15
5 2.43 9.27 1.97 10.51
6 3.15  10.53 2.61 11.84
7 3.89  11.77 3.29 13.15
8 4.66  12.99 3.98 14.43
9 5.43  14.21 4.70  15.71

10 6.22 1541 543  16.96

For the case of binomially distributed n successes out of N trials with
probability of success p, the upper and lower limits on p are found to be

nFt [on0; 20, 2(N —n + 1)]
N-n+1+ nFEl[alo;Zn,Q(anJr 1]’
DEZ1 — aup; 2 1),2(N —
pop = ot e B w20t DAN ] (5 gy
(N=n)+ (n+ 1)FF 1 —ayp;2(n+1),2(N —n)]

Here I 1is the quantile of the F distribution (also called the Fisher—
Snedecor distribution; see Ref. 4).

Plo = (32.52(1)

32.3.2.6. Difficulties with intervals near a boundary:

A number of issues arise in the construction and interpretation of
confidence intervals when the parameter can only take on values in a
restricted range. Important examples are where the mean of a Gaussian
variable is constrained on physical grounds to be non-negative and where
the experiment finds a Poisson-distributed number of events, n, which
includes both signal and background. Application of some standard recipes
can lead to intervals that are partially or entirely in the unphysical region.
Furthermore, if the decision whether to report a one- or two-sided interval
is based on the data, then the resulting intervals will not in general cover
the parameter with the stated probability 1 — a.

Several problems with such intervals are overcome by using the unified
approach of Feldman and Cousins [20]. Properties of these intervals are
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described further in the Review. Table 32.4 gives the unified confidence
intervals [v1, vo] for the mean of a Poisson variable given n observed events
in the absence of background, for confidence levels of 90% and 95%. The
values of 1 — a given here refer to the coverage of the true parameter by
the whole interval [v1,v5]. In Table 32.3 for the one-sided upper and lower
limits, however, 1 — a referred to the probability to have individually
Vup = V Or V) < V.

Table 32.4: Unified confidence intervals [v1, 1] for a the mean
of a Poisson variable given n observed events in the absence of
background, for confidence levels of 90% and 95%.

1—a=90% 1—a=95%

n v Vo v Vo
0 0.00 2.44 0.00 3.09
1 0.11 4.36 0.05 5.14
2 0.53 591 0.36 6.72
3 1.10 7.42 0.82 8.25
4 1.47 8.60 1.37 9.76
5 1.84 9.99 1.84 11.26
6 2.21 1147 2.21 12,75
7 3.56 12.53 2.58 13.81
8 3.96  13.99 2.94 15.29
9 4.36 15.30 4.36 16.77
10 5.50 16.50 4.75 17.82

Another possibility is to construct a Bayesian interval as described in
Section 32.3.1. The presence of the boundary can be incorporated simply
by setting the prior density to zero in the unphysical region. Advantages
and pitfalls of this approach are discussed further in the Review.

Another alternative is presented by the intervals found from the
likelihood function or x? using the prescription of Equations (32.48) or
(32.49). As in the case of the Bayesian intervals, the coverage probability
is not, in general, independent of the true parameter. Furthermore, these
intervals can for some parameter values undercover.

In any case it is important to report sufficient information so that the
result can be combined with other measurements. Often this means giving
an unbiased estimator and its standard deviation, even if the estimated
value is in the unphysical region. It is also useful to report the likelihood
function or an appropriate summary of it. Although this by itself is not
sufficient to construct a frequentist confidence interval, it can be used to
find the Bayesian posterior probability density for any desired prior p.d.f.

Further discussion and all references may be found in the full Review of
Particle Physics; the equation and reference numbering corresponds to
that version.
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38. KINEMATICS

Revised January 2000 by J.D. Jackson (LBNL) and June 2008 by D.R.
Tovey (Sheffield).

Throughout this section units are used in which # = ¢ = 1. The following
conversions are useful: hc = 197.3 MeV fm, (he)? = 0.3894 (GeV)? mb.

38.1. Lorentz transformations

The energy E and 3-momentum p of a particle of mass m form a
4-vector p = (E, p) whose square p?> = E2 — |p|> = m2. The velocity of
the particle is 3 = p/E. The energy and momentum (E*, p*) viewed from
a frame moving with velocity B are given by

E* B f —’Yfﬁf> (E) .
(pﬁ ) B (77]‘/6]‘ vf o)’ Pr =Pr > (38.1)

where vy = (175%)*1/2

(parallel) to B Iz Other 4-vectors, such as the space-time coordinates of
events, of course transform in the same way. The scalar product of two
4-momenta pj - p2 = E1E9 — py - py is invariant (frame independent).

38.2. Center-of-mass energy and momentum

and p,. (p”) are the components of p perpendicular

In the collision of two particles of masses mp and ms the total
center-of-mass energy can be expressed in the Lorentz-invariant form
1/2
Eem = {(51 +E2)? — (py + P2)2] ;

9 5 1/2
= [ml +m3 + 2B, Ey(1 — B1 3 cos 9)] , (38.2)

where 6 is the angle between the particles. In the frame where one particle
(of mass mg) is at rest (lab frame),

Eem = (m? 4+ m3 + 2By 1oy ma) /2 . (38.3)
The velocity of the center-of-mass in the lab frame is
Bem = Plab/ (E11ab +m2) (38.4)
where a1, = P11ap and
Yem = (Bt 1ab +m2)/Eem - (38.5)
The c.m. momenta of particles 1 and 2 are of magnitude
Pom = Plab gy - (38.6)

For example, if a 0.80 GeV/c kaon beam is incident on a proton target,
the center of mass energy is 1.699 GeV and the center of mass momentum
of either particle is 0.442 GeV/c. It is also useful to note that

Eem dEem = mg dEq 15 = M2 f11ab dPlab - (387)

38.3. Lorentz-invariant amplitudes
The matrix elements for a scattering or decay process are written in
terms of an invariant amplitude —i.#. As an example, the S-matrix for
2 — 2 scattering is related to .# by
(P |S] prpo) = I —i(2m)* 6*(p1 + p2 — P — ph)
A (p1, p2; P, Ph)

. 38.8
* CENE B2 a2 e Y
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The state normalization is such that

') = (2m)**(p— 1) . (38.9)
38.4. Particle decays

The partial decay rate of a particle of mass M into n bodies in its rest
frame is given in terms of the Lorentz-invariant matrix element .# by

ar = 2o |2 dd, (P ) (38.10)
= M 4 n y P1y -+ Pn)s .
where d®,, is an element of n-body phase space given by
n n 3
d°p;
d®,(P; p1, ..., pn) =064 (P — ; — 38.11
n( ;b1 pn) ( ;pl) 1_1_{ (277)32Ei ( )

This phase space can be generated recursively, viz.
d®n(P; p1, ..., pn) = d®;(g; p1, -, Dj)

X d®,_ji1 (P q, pit1, -, pn)(2m)3dg? (38.12)

2

where ¢ = ( g:l E)? - ‘ 'Z:l p;| - This form is particularly useful in

the case where a particle decays into another particle that subsequently
decays.

38.4.1. Survival probability : If a particle of mass M has mean
proper lifetime 7 (= 1/T") and has momentum (E, p), then the probability
that it lives for a time ¢y or greater before decaying is given by

P(tg) = e—toU/v = =Mt T/E , (38.13)
and the probability that it travels a distance xg or greater is
P(zg) = e M=o T/IPI | (38.14)

38.4.2. Two-body decays :

Py, My

Py, My

Figure 38.1: Definitions of variables for two-body decays.

In the rest frame of a particle of mass M, decaying into 2 particles
labeled 1 and 2,
M2 — m% + m%

B g 7 (38.15)
|p1] = [pal
(M2 = (m + ma)?) (M — (my —mo)?)] "/ (38.16)
= BYY] ’ '
and
1
ar L2 2 o (38.17)

= 3272 M2
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where dQ = d¢1d(cos 61) is the solid angle of particle 1. The invariant mass

M can be determined from the energies and momenta using Eq. (38.2)
with M = E¢p.

38.4.3. Three-body decays :

/\\// Py My
P.M \/\\ P2 My

P3, Mg

Figure 38.2: Definitions of variables for three-body decays.

Deﬁmng pZ] = p, +p; and m = pu, then m12 + m23 + m13 =
M? + ml + m2 + m3 and m12 = (P p3)? = M? + m — 2M E3, where
E3 is the energy of particle 3 in the rest frame of ]W . In that frame,
the momenta of the three decay particles lie in a plane. The relative
orientation of these three momenta is fixed if their energies are known.
The momenta can therefore be specified in space by giving three Euler
angles (a, 3,7) that specify the orientation of the final system relative to

the initial particle [1]. Thcn
1 2
(277)5 16]% |#|° dEy dE3 do d(cos () dy (38.18)
Alternatively
1 2
T = s ronz 1 9 Il donsz a9 a2 (38.19)

where (|pi], ) is the momentum of particle 1 in the rest frame of 1
and 2, and Q3 is the angle of particle 3 in the rest frame of the decaying
particle. |pj| and |p3| are given by

|p9ﬂ _ [(m%Z B (ml + m2)2) (m%2 7 (ml B m2)2)} 12
2my2 '

(38.20a)

and
[(M2 — (mi2 + m3)2) (]\/12 — (m12 — m3)2)]1/2
2M

Ips| = (38.200)

[Compare with Eq. (38.16).]
If the decaying particle is a scalar or we average over its spin states,
then integration over the angles in Eq (38.18) gives
1
(2 )3 SJVI
1
(27r)3 32]% 32M3

This is the standard form for the Dalitz plot.

dl' =

|42 dEy dEs

|42 dm3, dm3s . (38.21)



278 38. Kinematics

38.4.3.1. Dalitz plot: For a given value of m%z, the range of m%d is
determined by its values when py is parallel or antiparallel to ps:

(mgs)max =

(E5 + Eg‘)2 — <\/E§‘2 — m% — \/E?’:2 — m§>2 , (38.22a)
(m35)min =

(B3 + E3)2 — <\/E22 —m3 4B - m§>2 : (38.220)

Here E} = (m3y — m2 + m3)/2miz and E} = (M? —m3y — m3)/2m1 are
the energies of particles 2 and 3 in the mio rest frame. The scatter plot

in m2, and m3; is called a Dalitz plot. If [.#|2 is constant, the allowed

region of the plot will be uniformly populated with events [see Eq. (38.21)].
A nonuniformity in the plot gives immediate information on |.# \2. For

example, in the case of D — K, bands appear when m gy = M (392)
reflecting the appearance of the decay chain D — K*(892)7r — Kn.

10 LA B E' L B A

L (myrmy) ]

g - -tb—=z--- T (M_ml)z ]
T 2y ]
‘\‘> 6 — (m23)max |
3 I ' (M-mg)? ]
- | ]
B4 E
2 [ (my+mg)2- ——F=— | ]

O L 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1

0 1 2 3 4 5

Figure 38.3: Dalitz plot for a three-body final state. In this
example, the state is 77 K% at 3 GeV. Four-momentum conservation
restricts events to the shaded region.

38.4.4. Kinematic limits :

38.4.4.1. Three-body decays: In a three-body decay (Fig. 38.2) the
maximum of |p3|, [given by Eq. (38.20)], is achieved when mj2 = mj + ma,
i.e., particles 1 and 2 have the same vector velocity in the rest frame of the
decaying particle. If, in addition, m3 > m1,mg, then |p,|max > [P, Imax,
| D, |max. The distribution of mia values possesses an end-point or
maximum value at mia = M — mg3. This can be used to constrain the
mass difference of a parent particle and one invisible decay product.
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38.4.5. Multibody decays : The above results may be generalized to
final states containing any number of particles by combining some of the
particles into “effective particles” and treating the final states as 2 or 3
“effective particle” states. Thus, if p;;r... = p; +p;j +pg + ..., then

Mijh... = \/PPijk... » (38.25)

and myjk . may be used in place of e.g., mi2 in the relations in Sec. 38.4.3
or Sec. 38.4.4 above.

38.5. Cross sections

Py My P3 M3

m
P2: My P2 Mnio

Figure 38.5: Definitions of variables for production of an n-body
final state.

The differential cross section is given by

2 4 2
Y
44/ (p1 - p2)? — m%m%
x d®p(p1+p2; P3, -5 Pnt2) - (38.26)
[See Eq. (38.11).] In the rest frame of mg(lab),
(p1 - p2)? — mim3 = mapi1ap ; (38.27a)
while in the center-of-mass frame
(pl ‘p2)2 - m%mg = plcm\/g . (38~27b)
38.5.1. Two-body reactions :
P1. My P3: M3
P2, My P4 My

Figure 38.6: Definitions of variables for a two-body final state.

Two particles of momenta p; and ps and masses mq and mso scatter
to particles of momenta p3 and pgy and masses m3 and my; the
Lorentz-invariant Mandelstam variables are defined by
5= (p1+p2)* = (03 +pa)°
=m? +2E1Ey — 2p; - py + m3 (38.28)
t=(p1—p3)* = (p2 — pa)®
m? — 2E1E3 + 2p, - p3 + mg , (38.29)
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u=(p1 —pa)? = (p2 — p3)*

=mi —2E1Ey+2p - py+mj (38.30)
and they satisfy
s+t+u=mi+m}+mi+m]. (38.31)
The two-body cross section may be written as
do 1 1
- = M. 38.32
di 64ms ‘plcm|2 | | ( )
In the center-of-mass frame
t= (Elcm - E?)Cm)2 - (plcm - pScm)2 — 4p1em P3em Sin2(9cm/2)
= 10 — 4picm P3em sin(Bem /2) , (38.33)

where f¢m is the angle between particle 1 and 3. The limiting values
to (Bem = 0) and t1 (Oem = 7) for 2 — 2 scattering are

2 2 2 272
mi —ms—ms5+m

L 32\/§ 2 4 - (plcm :FpZ)’cm)Z . (3834)
In the literature the notation #,;, (tmax) for to (t1) is sometimes used,
which should be discouraged since tg > ¢;. The center-of-mass energies
and momenta of the incoming particles are
erm%fmg s+m§7m%

-7 T2 E 2772 71
2\/5 ) 2cm 2\/5 ’

For E3cy and Eycp, change my to mg and mg to my. Then

P1lab M2
Diem = \/E'fcm - m? and prem = aT . (38.36)

Here the subscript lab refers to the frame where particle 2 is at rest. [For
other relations see Eqs. (38.2)—(38.4).]

to(t1) =

Eiem = (3835)

38.5.2. Inclusive reactions : Choose some direction (usually the beam
direction) for the z-axis; then the energy and momentum of a particle can
be written as

E =mgcoshy , pz , py , p» = mpsinhy (38.37)
where m,,, conventionally called the ‘transverse mass’, is given by
2 2 2 2
my, =m” +pg+py - (38.38)

and the rapidity y is defined by

—lln Etp:
y_2 E—p;

_ E+p:\ _ -1 (Pz
—In <7) = tanh (E) . (38.39)

’HLT

Note that the definition of the transverse mass in Eq. (38.38) differs
from that used by experimentalists at hadron colliders (see Sec. 38.6.1
below). Under a boost in the z-direction to a frame with velocity 3,
y—y— tanh ™! (3. Hence the shape of the rapidity distribution dN/dy is
invariant, as are differences in rapidity. The invariant cross section may
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also be rewritten
3o _ 3o . d%o
Bp  dopdyppdp, T wdyd(pZ)
The second form is obtained using the identity dy/dp, = 1/E, and the
third form represents the average over ¢.
Feynman’s = variable is given by
p: . E+p:
Pzmax - (E + pz)max

(38.40)

T = (pr < |pz|) - (38.41)

In the c.m. frame,

2 2m., sinh
o Peom Ty T Vem (38.42)

Vs Vs

and
= (?/Cm)max = hl(\/g/'m) . (3843)

The invariant mass M of the two-particle system described in Sec. 38.4.2
can be written in terms of these variables as

M? = m? +m3 + 2[Er(1)Ep(2) cosh Ay — pr(1) - pr(2)],  (38.44)

where
BEr(i) = \/Ipr(i)|? +m? (38.45)

and pr(:) denotes the transverse momentum vector of particle 4.

For p > m, the rapidity [Eq. (38.39)] may be expanded to obtain
1 ! cos?(0/2) +m?2/4p* + ...

y=—-In
Y73 sin?(0/2) +m?2/4p? + ...

~ —In tan(§/2) =7 (38.46)

where cos@ = p,/p. The pseudorapidity n defined by the second line is

approximately equal to the rapidity y for p > m and 6 > 1/, and in any
case can be measured when the mass and momentum of the particle are
unknown. From the definition one can obtain the identities

sinhn =cot® , coshn=1/sinf , tanhny = cosh . (38.47)

38.5.3. Partial waves : The amplitude in the center of mass for elastic
scattering of spinless particles may be expanded in Legendre polynomials

1
Fk.0) =+ ;(22 + 1)agPy(cost) , (38.48)
where k is the c.m. momentum, 6 is the c.m. scattering angle, ay =
(nee®®¢ —1)/2i, 0 < 1y < 1, and & is the phase shift of the £*" partial
wave. For purely elastic scattering, 5, = 1. The differential cross section is
do

2
— = . 4
o= 11 0)] (38.49)
The optical theorem states that
4
Otot = %Inlf(ko) ) (3850)

and the cross section in the /" partial wave is therefore bounded:

4r dn(20+1)

Ug:k—2(2€+1)\a[\2§ e (38.51)
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38.5.3.1. Resonances: The Breit-Wigner (nonrelativistic) form for an
elastic amplitude ay with a resonance at c.m. energy EpR, elastic width
Ta1, and total width ey is
_ Fcl/ 2

Er— E —ilo/2
where E is the c.m. energy.

The spin-averaged Breit-Wigner cross section for a spin-J resonance
produced in the collision of particles of spin S; and S is

(2J + 1) 1 BinBoutFEOt
251 +1)(2S2+1) k2 (E—Eg)2+T%,/4"

where k is the c.m. momentum, F is the c.m. energy, and Bj, and Bouyt
are the branching fractions of the resonance into the entrance and exit
channels. The 25 + 1 factors are the multiplicities of the incident spin
states, and are replaced by 2 for photons. This expression is valid only for
an isolated state. If the width is not small, T'tot cannot be treated as a
constant independent of . There are many other forms for ogyp, all of
which are equivalent to the one given here in the narrow-width case. Some
of these forms may be more appropriate if the resonance is broad.
The relativistic Breit-Wigner form corresponding to Eq. (38.54) is:

(38.54)

ay

opw(E) = ( (38.55)

—mIq

ag = (38.56)

s —m? +imliot
A better form incorporates the known kinematic dependences, replacing
mTtot by v/sTtot(s), where T'to(s) is the width the resonance particle
would have if its mass were /s, and correspondingly mI'¢ by /s Tg(s)
where T'¢j(s) is the partial width in the incident channel for a mass /s:

—V5Ta(s)

s —m2 +iy/5Tiot(s)

For the Z boson, all the decays are to particles whose masses are small
enough to be ignored, so on dimensional grounds [iet(s) = v/sTo/mz,
where T'g defines the width of the Z, and T (s)/Ttot(s) is constant. A full
treatment of the line shape requires consideration of dynamics, not just
kinematics. For the Z this is done by calculating the radiative corrections
in the Standard Model.

38.6. Transverse variables

(38.57)

ay =

At hadron colliders, a significant and unknown proportion of the energy
of the incoming hadrons in each event escapes down the beam-pipe.
Consequently if invisible particles are created in the final state, their net
momentum can only be constrained in the plane transverse to the beam
direction. Defining the z-axis as the beam direction, this net momentum
is equal to the missing transverse energy vector

EPS = -3 "pr(i) (38.58)
i

where the sum runs over the transverse momenta of all visible final state
particles.
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38.6.1. Single production with semi-invisible final state :

Consider a single heavy particle of mass M produced in association
with visible particles which decays as in Fig. 38.1 to two particles, of which
one (labeled particle 1) is invisible. The mass of the parent particle can be
constrained with the quantity My defined by

M3 = [Br(1) + Ep(2)? - [pr(1) + pr(2))?
=m} +m3 +2[Br(1)Er(2) — pr(1) - pr(2)], (3859
where
pr(l) = B (38.60)

This quantity is called the ‘transverse mass’ by hadron collider experimen-
talists but it should be noted that it is quite different from that used in the
description of inclusive reactions [Eq. (38.38)]. The distribution of event
M values possesses an end-point at M3?* = M. If my = mgy = 0 then

Mz = 2|pp(1)||pr(2)|(1 — cos d12) , (38.61)

where ¢;; is defined as the angle between particles i and j in the transverse
plane.

38.6.2. Pair production with semi-invisible final states :

p,,m P, m;

)
N

,m
P, 2 B, m,

Figure 38.9: Definitions of variables for pair production of semi-
invisible final states. Particles 1 and 3 are invisible while particles 2
and 4 are visible.

Consider two identical heavy particles of mass M produced such that
their combined center-of-mass is at rest in the transverse plane (Fig. 38.9).
Each particle decays to a final state consisting of an invisible particle of
fixed mass mq together with an additional visible particle. M and m; can
be constrained with the variables Mpo and Mo which are defined in
Refs. [4] and [5].

Further discussion and all references may be found in the full Review
of Particle Physics. The numbering of references and equations used here
corresponds to that version.
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39. CROSS-SECTION FORMULAE
FOR SPECIFIC PROCESSES

Revised September 2007 by H. Baer (Florida State University) and R.N.
Cahn (LBNL).

PART I: STANDARD MODEL PROCESSES

Setting aside leptoproduction (for which, see Sec. 16 of this Review),
the cross sections of primary interest are those with light incident particles,
ete™, vy, qq, 99 , gg, etc., where g and g represent gluons and light
quarks. The produced particles include both light particles and heavy
ones - t, W, Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

39.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner
formula (Sec. 16 of this Review).

5 2J +1 4r r2/4

o(B) = (281 +1)(252 + 1) k2 | (E — Eg)2 +T2/4
where E is the c.m. energy, J is the spin of the resonance, and the number
of polarization states of the two incident particles are 257 + 1 and 259 + 1.
The c.m. momentum in the initial state is k, Eg is the c.m. energy at the
resonance, and I is the full width at half maximum height of the resonance.
The branching fraction for the resonance into the initial-state channel is
B, and into the final-state channel is Byy¢. For a narrow resonance, the
factor in square brackets may be replaced by 7I'§(E — Ep)/2.

BinBout, (39-1)

39.2. Production of light particles

The production of point-like, spin-1/2 fermions in eTe™
through a virtual photon, eTe™ — v* — ff, at c.m. energy squared s is
given by

annihilation

do
dan
where (3 is v/c for the produced fermions in the c.m.,  is the c.m.

scattering angle, and Qy is the charge of the fermion. The factor Nc is 1
for charged leptons and 3 for quarks. In the ultrarelativistic limit, 8 — 1,

2
= Nc%ﬂ[l + cos? 0 4 (1 — 3% sin® G]Q% , (39.2)

86.8 nb
(GeVZ)

24na

o = NcQ7p =NeQF— s (39.3)

The cross section for the annihilation of a ¢g pair into a distinct pair
¢'7 through a gluon is completely analogous up to color factors, with the
replacement a@ — ag. Treating all quarks as massless, averaging over the
colors of the initial quarks and defining ¢ = —ssin?(6/2), u = —s cos?(6/2),
one finds

do a? 1?2 4 u?
— 39.4
dQ(qq—wzq) 92 (39.4)
Crossing symmetry gives
2 .2
a? 82 +u?
— 39.5
01 —ad) = 5o —5— (39.5)
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If the quarks ¢ and ¢’ are identical, we have

do 24+u? P24u? 202
-, 39.6
dQ( @) =g, { SR 3st} (39:6)
and by crossing
o 2+s2 24w 262
= = 5 - —. 39.7
s (a9 = a0) 9s { 2 T BUJ (39.7)
Annihilation of eTe™ into vy has the cross section
do ,  _ a?u? 412
= = .8
e TS (39.8)

The related QCD process also has a triple-gluon coupling. The cross
section is

do 8aZ 5 4,1 9

—(qq = —=(t ———). 39.9

a0\ @ = 99) = 5= (" +uT) (- = ) (39.9)
The crossed reactions are

9 (49— a9) = (2 + - + ) (39.10)

— — = —I(S u —_ — .

a9 9 9s su @ 4t277

do _ a? 9, 1 9

= =5t — - = 39.11

2099 = 40) = 5+ u) (o = ) ( )

do o2 ut su st

il =dsg o B2 2. 12

09 —99) =265 -3~ 2) (39.12)

39.3. Hadroproduction of heavy quarks

For hadroproduction of heavy quarks @ = c, b, ¢, it is important to
include mass effects in the formulae. For ¢¢ — QQ), one has

do . A o 2 2 2 2 2
E(qq —QQ) = 053 [(mQ =)+ (mg —u)” + ZmQS] , (39.13)
while for gg — QQ one has

do 26, 4 9
d_(l( - QQ) = 73 ?(mQ —t)(mg —u)

B mQ(s - 4mQ) N 4 (mg — t)(sz —u) — 21712Q(mé2 +1t)

3(m2Q - t)(sz —u) 3 (mz2 —1)2
4 (mg2 - t)(mg2 —u) — Qmé(mé + u)

3 (my — w)?

w

B 3(m2Q - t)(mg? —u)+ m2Q(u —1) _3(m% - t)(m2Q —u)+ ng(f —u)
2 _ 2 _
s(mQ t) s(mQ w)

(39.14)



286  39. Cross-section formulae for specific processes
39.4. Production of Weak Gauge Bosons
39.4.1. W and Z resonant production :

Resonant production of a single W or Z is governed by the partial widths

2GFEm?
(W — () = % (39.15)
_ V2GRV 2m?
POV — g7;) = 32l (30.16)
_ 2G pm?
0Z— ff) = Nc%
T

X [(Tg — Qpsin®0y)? + (Qsinby)?| . (39.17)
The weak mixing angle is 0. The CKM matrix elements are indicated
by V;; and N is 3 for ¢g final states and 1 for leptonic final states.
These widths along with associated branching fractions may be applied to
the resonance production formula of Sec. 39.1 to gain the total W or Z
production cross section.

39.4.2. Production of pairs of weak gauge bosons :

The cross section for ff — WTW ™ is given in term of the couplings of the
left-handed and right-handed fermion f, £ = 2(T3 — Qzw ), r = —2Qzyy,
where T3 is the third component of weak isospin for the left-handed f, @
is its electric charge (in units of the proton charge), and zy = sin? Oy :

2 2
do  2ma? l+r s {+r s
- = + + A(s, t,
dt  N,s? { (Q 4w s — mQZ) <4zL'W s — mQZ (s,t,u)

- <Q+ L s )(Q(Q)I(&M)Q(Q)I(&u,t))

. . 2
2xyy 2ew s —m3,

1
+ YN (O(—Q)E(s,t,u) + O(Q)E(s, u, t))} , (39.19)
@
w
where O(z) is 1 for > 0 and 0 for < 0, and where

%4
t 1 mj i 2
I(S,t,u)_<—z )(Zn;_wm_w>+—22+2—w,
myy, S st miy
t 1 md ;
E(s,t,u) = <—Z - 1) <— + —W> + = (39.20)
myy, 4 t miyy,

and s,t,u are the usual Mandelstam variables with s = (py + p?)Q,t =

(pf— pW7)2,u = (ps —pW+)2. The factor N, is 3 for quarks and 1 for
leptons.

The analogous cross-section for 45 — w20 is

2
do 7ra2\Vi]'|2 1 9 — 8aw 9 9
at 6321’%‘, s — m%v 4 (Ut B meZ)

+ Bz —6)s (m%v + m2Z>]
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N ut — m%VmQZ - s(m%v + m22) {E_] B Z_l}
s — m‘%v t U

2
ut — m%vm% EJ ﬁ s(m%v + mQZ) Lity (39.21)
41 —zw) |12 u? 21 —zw) tu [’ ’

where £; and ¢; are the couplings of the left-handed ¢; and ¢; as defined
above. The CKM matrix element between ¢; and g; is Vj;.
The cross section for ¢;g; — 7020 is

dt 96 a3, (1—ad,)s?

- —m
U t tu 4

do  7wa? f;} + r? |:t u 4m2Z5 4 ( 1 1 )

39.5. Production of Higgs Bosons
39.5.1. Resonant Production :

The Higgs boson of the Standard Model can be produced resonantly
in the collisions of quarks, leptons, W or Z bosons, gluons, or photons.
The production cross section is thus controlled by the partial width of the
Higgs boson into the entrance channel and its total width. The partial
widths are given by the relations

— GFm2 m HN

f ¢

I'H — =

( £ )

_ Gpmi By
3212

G Fm?_[[j’z
647y/2

where N is 3 for quarks and 1 for leptons and where ayy = 1 — 5‘2,[, =
4m%v /m% and az = 1 - 3% = 4m2 /m%,. The de.cay.to two g.h.lons
proceeds through quark loops, with the ¢ quark dominating. Explicitly,

3/2
(174m;/m%) 2 (39.23)

T(H — WTW") (4 — day + Ba%V) 7 (39.24)

T(H - 27) = (4-4az+ 3a2Z) . (39.25)

2

2 3
asGpm
s TFTH , (39.26)

T a0 =S

> I(mg/mE)
q

where I(z) is complex for z < 1/4. For z < 2 x 1073, |I(2)] is small so the
light quarks contribute negligibly. For mpy < 2my, z > 1/4 and

I(z)=3

2
2z + 22(1 — 42) <sin_1 #) ] , (39.27)

which has the limit I(z) — 1 as z — 0.
39.5.2. Higgs Boson Production in W* and Z* decay :

The Standard Model Higgs boson can be produced in the decay of
a virtual W or Z (“Higgstrahlung”): In particular, if £ is the c.m.
momentum of the Higgs boson,
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ﬂ'a2|VZ~j\2 2k k2 + Sm%/v
36sin? Oy /s (s — m%}[,)2

277&2(83: + r;) 2k 2+ 3mQZ .
48N, sin? Oy cost By /5 (s — m22)2
where ¢ and r are defined as above.

olaid; — WH) = (39.28)

o(ff — ZH) = (39.29)

39.5.3. W and Z Fusion :

Just as high-energy electrons can be regarded as sources of virtual photon
beams, at very high energies they are sources of virtual W and Z beams.
For Higgs boson production, it is the longitudinal components of the W's
and Zs that are important. The distribution of longitudinal Ws carrying
a fraction y of the electron’s energy is

2
g~ 1-y
=—=——" 39.30
FW) =162 v ( )
where g = e/sinfyy. In the limit s > mpy > myy, the partial decay
rate is ['(H — W Wp) = (92/647r)(m‘;{/m%v) and in the equivalent W
approximation

_ 1 « 3
otete” = metl) = o )
el

2 2
<1 + m—H> log —- — 2+ 2@}. (39.31)
5 miy s

There are significant corrections to this relation when my is not large
compared to myy. For my = 150 GeV, the estimate is too high by 51%
for /s = 1000 GeV, 32% too high at /s = 2000 GeV, and 22% too high
at /s = 4000 GeV. Fusion of ZZ to make a Higgs boson can be treated
similarly. Identical formulae apply for Higgs production in the collisions
of quarks whose charges permit the emission of a W+ and a W™, except
that QCD corrections and CKM matrix elements are required. Even in
the absence of QCD corrections, the fine-structure constant ought to be
evaluated at the scale of the collision, say myy. All quarks contribute to
the ZZ fusion process.

X

Further discussion and all references may be found in the full Review;,
the equation and reference numbering corresponds to that version.
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Figure 40.10: Summary of hadronic, vp, and 7y total cross sections,
and ratio of the real to imaginary parts of the forward hadronic
amplitudes. Corresponding computer-readable data files may be found
at http://pdg.1bl.gov/current/xsect/. (Courtesy of the COMPAS
group, IHEP, Protvino, August 2005)
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